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ABSTRACT
Materials with nanoscale dimensions offer several important benefits over bulk materials (e.g.
increased surface area, low-cost, deviation from bulk properties, etc.). Such materials are critical
components for next-generation energy storage materials, optoelectronic devices, and catalyst
systems. However, these materials are often processed in liquid media, and their diminutive
structures are fragile in the presence of capillary forces. As such, preparing uniform and stable
nanomaterial coatings is a significant challenge. Herein, we discuss an approach where the
substrate itself is factored into the assembly and growth of these materials.
First, nanoporous surfaces were utilized to achieve a uniform deposition of one-dimensional (1D)
and two-dimensional (2D) nanomaterials for high performance transparent conductive films.
Suspensions of silver nanowires (AgNWs, 1D) and graphene oxide (GO, 2D) were deposited on
superhydrophilic surfaces, which we generated through layer-by-layer assembly. It was discovered
that coating defects (e.g., coffee-ring effect) were suppressed by the rapid wetting of suspensions
into a thin liquid sheet on superhydrophilic surfaces. Uniform composite films were fabricated
which exhibited a low sheet resistance and high percent transmittance, with minimal surface
roughness. The growth of conformal Au coatings on the AgNW network stabilized the film against
oxidation and granted mechanical stability through subsequent aqueous processing.
Next, metal organic frameworks (MOFs) on with accessible open-metal sites were grown on
electrospun hydrogel fibers (EHFs), with the fibers playing a role in their formation and stable
surface bonding. Crystalline MOFs with tunable dimensions were grown on EHFs composed of
crosslinked polyallylamine and polyacrylic acid. The physical properties of the fibers, such as
iii
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polymer composition and the fiber diameter, had a direct role in the tuning of the MOF size and
distribution on the EHFs.
Last, the controlled growth of self-supported tungsten metal oxide nanosheets was investigated.
Their potential as electrocatalysts and as high surface-area supports for other materials is
discussed. Through salt-mediated growth, the macroscopic nanosheets of alkali (K+, Rb+, or Cs+)
intercalated oxides could be produced uniformly on various tungsten metal surfaces. Anodization
to adjust the surface texture altered the wettability and facilitated even salt deposition on these
surfaces, resulting in a uniform nanosheet growth.
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CHAPTER 1: INTRODUCTION
Nanomaterials are defined at materials with at least one of their three dimensions held to less than
100 nm. They can be conceptualized as physical representations of Euclidian points, lines, and
planes in 3D space. These low dimensional materials are described as nanoparticles (0D),
nanowires (1D) and nanosheets (2D). With such scales, these materials may be incorporated into
existing technologies and reduce cost, improve device performance, and allow for unique
applications from their bulk counterparts, as their material properties may deviate with their
miniaturization.
Nanoscale materials may be generated through a variety of methods. these methods typically
follow one of two fabrications schemes, known as top-down or bottom-up assembly. In top-down
fabrication methods, bulk materials are fragmented into smaller components until a nanoscale
structure is realized. In bottom-up assembly, atoms or molecules are assembled into larger
structures, with growth limited in one or more directions, to produce nanoscale materials.

Figure 1 Fabrication schemes for nanomaterial synthesis
1
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These materials can improve various technologies including energy production and storage, such
as solar cells, hydrogen evolution catalysts, and batteries. They will be critical components for our
expedited change from a fossil fuel run world, which poses a substantial risk of climate destruction
if not addressed. It is a problem of massive scale and very serious urgency, and undoubtably will
require technological improvements, coupled with worldwide cooperation between government,
industry, and research entities. The issue is one of real physical processes, in which materials
chemistry research and development has an opportunity to play a substantial role.
The unique properties attributed by their shape and size also result in a slew of issues, regarding
processing materials at this scale. In particular, the desirable properties of these materials may be
lost due to their aggregation in liquid suspensions, coating defects and fragility, and fabrication
processes complicated by requiring binders and other additives. In the subsequent chapters, several
materials with nanoscale dimension will be discussed, where their growth and assembly are
influenced by the substrate itself. This coupling may be influenced by several properties of the
coating, including the surface texture and composition. How these properties affect growth and
assembly processes, and in what way are we able to engineer these surfaces, will be discussed
herein.
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Figure 2 Issues with nanomaterial coating on surfaces, and several modes through which
surfaces may be engineered.

There are several aspects of nanomaterials which plague their utilization in practical scenarios.
(i)

The scalability of their synthesis – This includes both the complexity in their scaling,
and whether the system is cost-effective system. Cost-effective methods require little
material cost and utilize fabrication methods with low energy requirements.

(ii)

The stability of the resulting system – We define stability as the performance over time.
We choose not to define stability as solely a physical change property (e.g. oxidation
of VO2 → V2O5, Ag conversion to Ag2S in ambient conditions, etc.), but also to include
the stability of the nano-microscale system (e.g. ripening processes, material loss due
to binder inadequacies, aggregation of particles in a suspension, etc.)

3
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(iii)

The control over the resulting structure at the nano-microscale – Uniformity is often
critical to performance, and where deposition or material growth with materials at this
scale, structural control is often a challenge. Aggregation reduces available surface
area, improper binder formulation reduces uniform electrical flow, and weak interfacial
strength causes structural failure due to a variety of forces during application (e.g.
capillary forces, mechanical strain, etc.)

4
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CHAPTER 2: BACKGROUND
2.1. Wetting theory
Coatings are often realized through liquids dispersion or solutions. An understanding of how these
liquids interact with surfaces is important for a clear picture of the coating process. We will
describe the behavior of liquids on surfaces, and why this behavior is significant for nanomaterials.
When we observe droplets of water, such as those which fall during a rain or those resting on a
surface when there is morning dew present, we note the curvature of these surfaces. These curves
are a result of bonding between the molecules of water themselves. At the molecular level,
molecules in a liquid experience cohesive forces with neighboring molecules through temporary
or permanent dipole interactions, hydrogen bonding etc. These bonds end abruptly at the surface.
On the surface of the drop, there are water molecules at the liquid air interface which are not
surrounded by liquid molecules.
This resulting interface is therefore unstable; the entirety of the liquid drop will take on a shape
which is a minima of surface energy. The effects of water tension significantly affect the stability
of structures with nano and microscale features. This is often observed with aerogels, low-density
materials which have material networks like those found in liquid gels, with the liquid component
replaced with gas molecules. The fine structures in these materials are particularly susceptible to
these effects. Drying of these structures results in a remarkable collapse; to realize their formation,
supercritical extraction must be utilized. A similar effect is found in other design processes where
nanomaterials of processed in a liquid environment. The capillary forces on materials at this scale
are strong; careful design must go into fabrication schemes which complicates their adoption.
5
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A certain geometry arises when a liquid droplet contacts a solid surface. Early theory of this
phenomenon was first described, mainly qualitatively, by Young in 1805,[1] with a quantitative
treatise later developed by Laplace,[2] and a more in-depth mathematical description later by
Gauss.[3] A water droplet with zero external forces (i.e. gravity) will take on a spherical shape,
with the lowest surface area to volume ratio of any shape. Typically, the description of a sessile
droplet is that of a spherical cap. Contact angle measurements are now a common characterization
technique; information about the surfaces of various materials may be inferred from the shape a
water droplet takes on when resting on a surface. We may now go into some further detail about
the liquid contact angle, as well as the methods through which surface wettability may be adjusted.

2.1.1 The Young’s Contact Angle and Apparent Contact Angle
The angle with which a liquid droplet rests on any typical surface encountered in our daily lives is
known as the observed contact angle (𝜽𝜽∗ ), also called the apparent contact angle. When the angle

is <90°, the material is known as hydrophilic, with samples >90° called hydrophobic. Typical

surfaces normally have intrinsic roughness and imperfections at the micro or nanoscale, which
influence 𝜽𝜽∗ . The Young’s contact angle (𝜽𝜽𝒚𝒚 ) defines the angle of contact, were a material to be

atomically smooth. Considering this definition, we are solely describing the interaction between
the surface chemistry and the liquid droplet. When we are observing the wettability of a real-world

structure (e.g. surface an electrode, leaf of a plant, etc.), we are not directly observing the Young’s
angle, but instead a combination of the Young’s angle, the surface roughness, and the inclusion of
any heterogeneity across the surface (including air pockets or variations in surface chemistry).

6
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This somewhat complicates the picture of surface wetting. To clarify this, we can first discuss to
what extent the surface roughness alters this wetting behavior. After a discussion on roughness,
we can touch on surface heterogeneity.

Figure 3 The three-point contact angle
The resulting droplet shape is a result of the three interfacial tensions, which occur simultaneously
at the triple point of the contact line, which may be solved through the 𝐜𝐜𝐜𝐜𝐜𝐜 𝜽𝜽 (which generates the
Young Equation). The Wenzel wetting equation include the general effect roughness has on the
contact angle.

Figure 4 Feature size and contact angle
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When the surface texture is below 1 μm, the surface is typically modeled as a homogeneous
surface, with a new surface area which is greater than the projected surface area.

𝒓𝒓 =

𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂

(1)

𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂

This roughness factor r then directly relates to the observed contact angle via the Wenzel
equation.[4]
(2)

𝐜𝐜𝐜𝐜𝐜𝐜 𝜽𝜽∗ = 𝒓𝒓 𝐜𝐜𝐜𝐜𝐜𝐜 𝜽𝜽𝒚𝒚

In an atomically smooth sample, the r = 1, and therefore the observed contact angle is equivalent
to the Young’s contact angle. When r increases, the contact angle of hydrophobic samples
increases, and conversely the contact angle of a hydrophilic sample decreases. Thus, roughness
can be thought to amplify general wetting behavior.[5, 6]

Figure 5 Microtextured surfaces effect on water contact angle
An increase in roughness results in an altered contact angle. The amplification of the general
wetting behavior of a surface is shown.

8
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Figure 6 The relationship between heterogeneous roughness and wetting
The roughness effect on wetting, also known as Wenzel type wetting, where liquids imbibe into
the surface.

Next, we may discuss heterogeneous surfaces. In this scenario, there are two distinct regions which
cover a surface, of varying coverage, 0 being no coverage and 1 being total coverage. The surface
is composed of two regions, A and B, where the surface fraction is AxB1-x. This is of very
significant consequence when these two regions are composed of solid surface of interest and
trapped regions of air. This type of wetting is known as the Cassie-Baxter state, typically leads to
strong non-wetting at low surface fractions, a wetting style known as Lotus wetting (after the Lotus
flower).[5]
Later sections will touch on extreme wetting behavior, where the observed water contact angle is
<5° or >150°. These states are known as superhydrophilicity or superhydrophobicity, respectively.
9
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Superhydrophilicity is often a result of a very rough, very clean, or porous surface. Often, some
capillary wicking of liquids into these surface pores may occur. This is known as hemi-wicking
and will be described in chapter 2.

2.1.2 The Surface Evolver
Instead of conceptualizing the system as a 2D statics problem, instead a 3D geometry may be
considered. It may be helpful to visualize these systems and interpret their relative energies. This
can be explored with Kenneth Brakke’s Surface Evolver, a computer program that minimizes the
energy of a surface subject to constraints. The Surface Evolver may be used to solve a wide range
of problems related to surface wetting and surface area minimization, such as providing a
counterexample to Lord Kelvin’s 1887 proposed structure for partitioning 3D space into cells of
equal volume, with minimal interfacial area.[7] Lord Kelvin’s structure (which appears as a
truncated octahedron, with curved faces) was beaten by the Weaire–Phelan structure in 1993
through calculations provided by Surface Evolver (with this structure exhibiting a 0.3% lower
surface area).[8] This software was instrumental in assisting the author in understanding wetting
behavior and related phenomena. Analysis of the material included in this report was not
performed via this software, however it is mentioned for its significance in the field and influence
on the author.

10
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2.2. Overview of Materials and Methods
We begin this section by describing the main materials utilized in this thesis. This discussion will
be limited to discussing the synthesis of the materials, some history of the material development,
and some of their important properties. A discussion about the applications and fabrication
challenges associated with these materials will be covered in the subsequent chapters.

2.2.1 Silver Nanowires
A summary of developments related to AgNWs is provided. First, several papers signaled major
changes in AgNW research. First, the reports of soft solution processing by Xi et al. signaled a
turning point in the synthesis of these materials.[9] Prior to this report, metal nanowires were
fabricate via deposition on step edges of crystalline materials.[10, 11] Solution processing
allowed for scalable reactions, with efforts to control the length, diameter, and dispersity of
resulting reaction mixtures a research focus for several years after.[12] Currently, high-quality
AgNWs are commercially available through several vendors.

2.2.2 Graphene Oxide
Graphene is one of many allotropes of carbon, with the carbon atoms arranged into a 2D
honeycomb lattice. Individual graphene sheets stacked together form graphite, a bulk form of
carbon known since antiquity. The exfoliation of graphite has been long studied,[13] culminating
in the 2010 Nobel awarded to Novoselov and Geim, for their demonstration of graphene’s
isolation via the scotch-tape method, and measuring its outstanding properties.[14-16]
11
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Figure 7 Representation of the structures of graphene and graphene oxide.
The oxidized form of single-layer graphene is known as graphene oxide. In the oxidized form,
oxygen contain functional groups such as carboxylic acids or hydroxyl groups, decorate the
surface and edges of individual graphene sheets. These groups allow for this resulting form of
graphene to remain suspended in aqueous solutions; this property is essential for solution
processing methods. These suspensions may be cast into films, free-standing or on substrates, as
well as fabricated into other structures. While the graphene oxide form gains a beneficial
interaction with solvents, the phenomenal properties of graphene are lost following oxidation;
however, they may be partially restored by a subsequent reducing step.
Current methods to produce these materials have not changed significantly since the times of as
discovered by Benjamin Brodie 1859.[17] Graphite mixed with fuming nitric acid and potassium
chlorate for four days at 60 °C, and repeating the process typically four times over, followed by
washing in water to remove the residual acid and salt. Current methods have not changed
considerably. Approximately a century later, Boehm et al. imaged graphene oxide with electron
microscopy,[18] allowing them to make the discovery that these individual layers could be only
one atomic layer thick.
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2.2.3 Other 2D Systems
Many other 2D systems exist beyond graphene, and often exhibit distinct properties from their
bulk counterparts due to the quantum confinement effect. Incorporation of 2D material stands to
benefit next-generation computing,[19] flexible electronics,[20] and communications.[21] At
center stage for many years was graphene. While breakthroughs continue for graphene,[22, 23]
the various dichalcogenides have taken over the efforts, attributed to their distinct bandgaps and
other properties. Much of the recent effort has been devoted to 2D transition metal
dichalcogenides (TMDs), (MS2, MSe2, MTe2, where M=Mo, W, Re, V, Pt, etc.) as well as many
other classes, including 2D transition metal phosphides (M2P, where M=Fe, Co, Ni, Ru,
etc.),[24] 2D transition metal carbides, carbonitrides and nitrides, also known as MXenes (M2X,
M3X2 and M4X3, where M=Ti, Sc, Hf, V, etc. and X=C or N),[25] and 2D transition metal oxides
(TMOs) (e.g. V2O5, WO3, Bi2WO6, SrBi2Ta2O9, etc.).[26] These distinct classes may be coupled
into heterojunctions, allowing for an enormous number of distinct combinations.[27]
The typical assembly of these 2D materials for the study of their electronics properties involves
vapor phase grow at high temperatures on planar surfaces, or mechanical exfoliation, if
macroscopic layers crystals of a materials can be produced. The formation of large macroscopic
2D TMOs grown vertically on tungsten metal substrates certain substrates will be discussed in
later chapters.

2.2.4 Electrospun Nanofibers
Electrospinning is a versatile method to produce scaled versions of non-woven fabrics with
nanoscale diameters, through static DC high voltage applied between syringe-fed droplet of
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polymer solution and a collection plate. The process was invented by John Francis Cooley over
120 years ago,[28] and has witnessed a revival with the rise of nanotechnology, acting as a high
surface area support for catalysis,[29] environmental remediation,[30] and significant number of
other important research fields.[31]
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2.2.5 Summary of Coating Methods
Table 1 Summary of Coating Methods
Method

Main control

Benefits

Drawbacks

For Suspension and solutions
Drop-casting

- Concentration
- Additives

Spin-coating

- Concentration
- Solvent
composition

Draw-down
bar

Dip-coating

Spray-coating
LangmuirBlodgett
Soap film
coating

- Simple
- No energy required
cost

- Little to no control at
the microscale
- Small coating area

- Simple
- Little energy required

- loss of material
- limited scale

- Simple
- Little to no energy
- size of coils on
required
wire
- Compatible with rollto-roll assembly
- Excellent control over
- Concentration
layered deposition
- Charge of solution
- Little energy
components
requirements
- Large-area coating
- Nozzle parameters
- Compatible with roll- Pressure
to-roll processing
- Air-solution
interface
- High-quality film
- Surfactant
- Surfactant
- Solvent ratio

- Rapid
- No energy required

15

- Film qualities are
determined by each
individual rod
- Slow
- Difficult to scale
- Challenging to control
- Can produce similar
results to drop-casting
- Slow process
- Difficult to control
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Figure 8 Several components of various coating technologies
The critical components of several coating methods utilized in our lab. (A) The spray coater nozzle,
which is pressurized with an air compressor or gas cylinder, (B) a Meyer rod, with tight windings
which can produce films several microns in thickness, and (C) a spin-coater.

Figure 9 The dip-coating setup utilized for layer-by-layer deposition
This system allows for an automated dipping procedure, with which the immersion time in the
coating and rinsing solutions may be tuned, and the rotation of the slide holder may be adjusted,
and the slides may be automatically dried between dips or after completing the full dipping
procedure.
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CHAPTER 3: UNIFORM DEPOSITION OF SILVER NANOWIRES AND
GRAPHENE OXIDE BY SUPERHYDROPHILICITY FOR
TRANSPARENT CONDUCTIVE FILMS
Adapted with permission from “Uniform Deposition of Silver Nanowires and Graphene Oxide
by Superhydrophilicity for Transparent Conductive Films” by David W. Fox, Anthony A.
Schropp, Trisha Joseph, Nilab Azim, Yuen Yee Li Sip, and Lei Zhai.
ACS Applied Nano Materials. 2021, 4, 8, 7628–7639 https://doi.org/10.1021/acsanm.1c00654.
Copyright 2001 American Chemical Society.

3.1. Introduction
One dimensional (1D) and two dimensional (2D) nanomaterials have been extensively used in the
fabrication of efficient devices for the applications of display, energy storage, energy harvesting,
sensors, etc.,[32, 33] where the uniform deposition of 1D and 2D materials holds the key to high
performance.[34] As an example, transparent conductive films (TCFs) used as electrodes in
optoelectronics can be fabricated with these nanomaterials, to replace the frequently used indium
tin oxide (ITO). Ideally, any methods used should be cost-effective and capable of uniformly
distributing the 1D and 2D materials (e.g. AgNWs, carbon nanotubes (CNTs) and graphene
derivatives).[34] These nanoscale materials have been produced at larges scales at reduced costs.
Their size and surface chemistry allows for excellent dispersibility in liquid media, enabling the
fabrication of thin films from these materials through solution processing.[9, 35] Depositing 1D
and 2D nanomaterials from their dispersion in liquids (e.g. spin-coating, dip-coating) has generated
cost-effective functional films.[36] In solution processing, a homogeneous coating from the
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solution deposition is necessary to achieve consistent properties throughout the film, because the
performance of a film is based on the density of their coverage, in addition to the composition and
physical dimensions of the materials.[37-39] Therefore, an understanding of the behaviors of these
materials during the film formation is necessary.
The most common methods to deposit liquid suspensions of nanomaterials are spin-coating and
drop-casting.[33] Both methods have advantages and drawbacks. Spin-coating can generate a film
of relatively good uniformity, however most of the excess liquid is flung off the substrate during
deposition, making this method wasteful. Drop-casting is the least complex method, where a liquid
droplet on a substrate dries into a film, however the resulting film rarely shows uniformity.[34]
The quality of a solution deposition is determined by the dynamics of liquid during the drying
process of solvent. As droplets contact a substrate, they spread over the substrate and typically
reach a static contact angle, determined by the surface tension of the liquid and the surface upon
which the droplet rests. Once at rest, the droplet begins to evaporate, and a capillary force occurs
as liquid in the interior of the droplet replenishes the evaporating liquid near the contact line.[40]
This flow transports material towards the edge near the contact line of the drop, forming so-called
“coffee rings”, commonly observed in the drop-casted films due to the forces resulted from liquid
dynamics. How can the coffee ring effect be eliminated during drop-casting?
Because coffee rings are caused by the delivery of materials in liquid droplets to the contact line,
this effect can be suppressed either by changing the inner droplet liquid flow or suppressing the
contact line formation. The Marangoni effect, where a liquid flow is driven by surface tension
gradients arising from spatial variations of composition or temperature,[41] has been used by
various methods to reduce the coffee ring formation. The effort includes manipulating solvent
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composition by adding additives like surfactants[42] and sugar,[43] controlling evaporating
environment,[44] controlling the temperature profile of a droplet,[45] and substrate modification
(e.g. electrowetting[46] and surface functionalization[47]). The involvement of additives and
complicated surface/environment control in these approaches limits their contribution in uniform
deposition of 1D and 2D materials on large area substrates. It is noted that, when a suspension is
spin-coated at high speeds, the dominant centripetal force compensates the capillary force to
reduce the coffee-ring effect. Can we use surface wettability to control the liquid flow and achieve
a uniform deposition of 1D and 2D nanomaterials?

Figure 10 A schematic illustration of transparent conductive film fabrication methods.

We proposed that superhydrophilicity has a great potential in achieving a uniform deposition of
1D and 2D materials through drop-casting because the fast spreading of liquid on a
superhydrophilic surface could work similarly to the centripetal force in spin-coating. It was
expected that drop-casting suspensions of 1D and 2D materials on a superhydrophilic surface could
produce a uniform deposition of the materials similar if not better than spin-coating. In this study,
a nanoporous, superhydrophilic and antireflective coating was prepared on glass substrates through
a layer-by-layer deposition of silica nanoparticles (SiNPs) and poly(allylamine hydrochloride)
(PAH) followed by calcination.[48-50] Suspensions of silver nanowires (AgNWs) and graphene
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oxide (GO) were deposited on superhydrophilic surfaces as model 1D and 2D materials to
investigate how the superhydrophilicity facilitated the uniform deposition of 1D and 2D materials.
Four scenarios of AgNWs deposition were explored, through drop-casting or spin-coating AgNWs
suspensions on pristine glass or superhydrophilic surfaces, and the resulting performance was
compared. In addition, high performance TCFs were produced from drop-casting AgNW
suspensions and spray-coating GO suspensions on the superhydrophilic coatings (Error! Reference
source not found.). Direct imaging and elemental analysis of the AgNW films surface indicated
that the fast spreading of liquid on superhydrophilic surfaces suppressed the coffee-ring effect. In
addition, the optical properties of superhydrophilic/antireflective coating enhanced the
performance of generated TCFs. Finally, the stability of AgNW TCFs was greatly improved by
applying epitaxial growth process to selectively grow gold (Au) on the AgNWs.[51]
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3.2. Results and Discussion

Figure 11 Overview of the nanoporous film
(A) The antifogging properties demonstrated by the superhydrophilic coatings (left part) show that
water droplets spread and form a sheet on the coating while water droplets accumulate on bare
glass. (B - C) Still images of the video contact angle measurements with water (1 µL droplet) show
that water droplets spread on a superhydrophilic surface shortly after the contact. (D) The
transmittance of plain glass and the antireflective coating in the visible light range, with a varying
number of bilayers. (E) An AFM micrograph of the antireflective coating.
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3.2.1 Overview of the Properties of the Antireflective Nanoporous Coatings
The superhydrophilic coatings were fabricated through the layer-by-layer assembly of PAH and
SiNPs followed by a calcination following the procedure reported by Cebeci and coworkers
(Figure 12).[48]

Figure 12 Layer-by-layer assembly process to generate the nanoporous coating
Adapted from Cebeci et al.[48] Increasing the number of bilayers of PAH/SiNPs can improves the
transmittance and imparts superhydrophilicity to the surface.
The AFM image (Figure 9E) of the coating shows a nanoporous structures of silica NPs that
contributed to both stable superhydrophilicity and antireflectivity (Figure 9 A-C) where the
transmittance of coated glass reached 99 %. The nanoporous coating suppresses the reflection
occurring at the interface of two materials (i.e. air and glass) with differing refractive indices.[52]
Figure 9D shows the transmittance of the glass substrates with 14, 16 and 18 bilayers of
PAH/SiNPs after calcination. The samples with 18 bilayers of PAH/SiNPs were selected for our
study because they have the highest transmittance at 550 nm. Antifogging behavior, presenting on
26

`

surfaces when apparent water contact angle reaches below 5°, was confirmed by cooling the
substrate in an ambient atmosphere to promote condensation as depicted in Figure 9A. The fast
spreading of water on the superhydrophilic nanoporous coatings was explained by the theoretical
models portraying such a system as an array of capillary tubes.[5, 53] Liquid above the film is
predicted to permeate into the pores of the film if the Young’s contact angle 𝜽𝜽 is less than 𝜽𝜽𝒄𝒄 , the

hypothetical critical contact angle defined by Eq 1. Below such an angle, capillary forces will draw
the liquid into the film. This relationship between this critical angle and the surface roughness can
be described by
𝐜𝐜𝐜𝐜𝐜𝐜 𝜽𝜽𝒄𝒄 =

𝟏𝟏−𝝋𝝋𝒔𝒔
𝒓𝒓−𝝋𝝋𝒔𝒔

(3)

Where 𝒓𝒓, is the surface roughness with no dimension, and 𝝋𝝋𝒔𝒔 the fraction of solid/liquid interface

below the drop. In a porous film, as 𝑟𝑟 approaches ∞, the critical contact angle approaches 𝜋𝜋⁄2. As

such, the imbibition of a porous film is predicted to occur through a wide range of contact
angles,[53] and suggests that in a porous substrate nanocapillary forces are expected to draw liquid
into the film.[48] Consequently, this imbibition of liquid into the film alters the surface
composition, which now resembles a patchwork of solid and liquid phases, resulting in a new
contact angle 𝜽𝜽∗ described by:
𝐜𝐜𝐜𝐜𝐜𝐜 𝜽𝜽∗ = 𝝋𝝋𝒔𝒔 𝐜𝐜𝐜𝐜𝐜𝐜 𝜽𝜽 + 𝟏𝟏 − 𝝋𝝋𝒔𝒔

(4)

Equation 2 predicts a decrease in contact angle in systems with a hemi-wicking front ahead of the
droplet.[53] This trend can be plotted for materials with varying Young contact angle (Figure S2).
A visual representation of equation 1 and 2 can be seen in Figure 13. Figure 9B and C are the still
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images from video contact angle measurements on the nanoporous film that compare the first and
second droplets on the film. The initial wetting of the film occurred rapidly, and subsequent drops
wetted the surface instantaneously.[48] The fast spreading of liquid on superhydrophilic surface
plays an important role in quenching “coffee-ring” effect that will be discussed in following
sections.

Figure 13 A schematic illustration of liquid imbibition on a nanoporous hydrophilic surface.
If the contact angle θ is below the critical angle θc, the imbibition into the surface will occur,
leading to a spread of the liquid and reduced contact angle θ*.

3.2.2 Drop-casting of 1D Nanomaterials on Hydrophilic Glass Surfaces
To investigate the effect of nanocapillary forces on the wettability of liquid nanomaterial
dispersions, a suspension of AgNWs in ethanol was drop-casted onto a pristine hydrophilic glass
substrate and a superhydrophilic coating. The droplet on the glass substrate has a pinned contact
line at the droplet edge, and an internal flow carried AgNWs to this boundary.
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Figure 14 AgNW assembly on the superhydrophilic surfaces
(A, B) SEM micrographs of drop-casted AgNWs on glass (insets), with the interior (A) and edge
of the coffee-ring morphology (B). The scale bar in the insets is 2 mm. (C) XPS scan data
comparing the intensity of the Ag 3d peak across drop-casted films on different glass and the
superhydrophilic coatings. (D) Illustrations showing the effect nanowire connectivity and spatial
orientation in the middle (red box) and edge (blue box) of the liquid sheet on a superhydrophilic
surface. (E) Pictures of drop-casting of a 5 µL AgNW suspension on the superhydrophilic surface.
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The reflection of the liquid shows the spreading, drying and the residue at the edge. (G - H) SEM
images of the drop-casted AgNW network at several concentrations of AgNW suspensions. (I) A
description of the debris field corresponding with the extent of liquid spreading, with a uniform
central deposition of AgNWs.
Deegan et al. constructed a model for this flow, where the droplets experience an inhomogeneous
flux of solvent molecules at the liquid-vapor interface.[40]
𝑱𝑱(𝒓𝒓) ∝ (𝑹𝑹 − 𝒓𝒓)−𝝀𝝀

𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 𝝀𝝀 =

𝝅𝝅−𝟐𝟐𝟐𝟐

(5)

𝟐𝟐𝟐𝟐−𝟐𝟐𝟐𝟐

This flux, described by J(r), is the evaporative flux of molecules at the air-liquid interface, which
reduces the height h(r) at each position r of the sessile droplet. This intensity varies with the
position along the surface of a drop of radius R, increasing dramatically near the contact line
(where r=R). The loss at the contact line is greater due to the decreased probability of evaporating
molecules reabsorbing at or near the point of flux. The spherical cap shape of liquid droplets is
maintained through the evaporation process, and as such liquid from the droplet interior flows
towards the edge, replenishing the evaporated liquid at the contact line. The apparent contact angle
influences this flux, with the flux increasing as θ decreases. The flux was plotted numerically at
varying contact angles (Figure 16), and the plot suggests the flux or capillary flow becomes
strongest when the liquid nears complete evaporation. The model suggests that the surface of the
drop near the contact line experiences a disproportionately large flux as the droplet evaporates. As
the drop continues to evaporate and the contact angle decreases, the internal flow increases, and
the materials suspended in the drop are carried towards the edge. resulting in strong currents as the
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pinned droplet dries. There are several other factors which determine solvent flow in evaporating
liquid droplets, however, this capillary flow was thought to be the dominant effect during dropcasting.

Figure 15 Solid-surface fraction and wetting behavior
Using equation 1, the change in apparent contact angle with varying fraction of the solid-liquid
phase a droplet rests upon. A surface which is permeable to liquids results in a different kind of
interface from the typically described liquid-solid interface beneath the droplet. Instead, it can be
thought of as a liquid - solidxliquid1-x interface, where decreasing solid fraction promotes wetting.
This is plotted for several materials with various Young’s contact angle.

During evaporation, the internal motion of the liquid may occur through phenomenon apart from
the contact-line oriented capillary forces. Through this motion, the dispersed materials can be
transported throughout the droplet. In this system, there is not likely to be a predominant
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Marangoni flow, which is caused by surface tension variation in liquid.[41] The Rayleigh-Bénard
convection, which occurs due to temperature differences across a liquid, results in liquid flow from
density induced gradients.[54] These two concepts can be coupled by the Bénard-Marangoni
convection, which considers that surface itself will become deformed from the surface tension
gradients during Rayleigh-Bénard convection, and as such will affect the internal flow.

Figure 16 Solvent flux near the droplet edge
Using eq. 1, the flow in the droplet interior towards the edges can be explained in part by induced
flows which replenish the rapidly lost fluid at the edges of the drop.
It can be noted that even with no external heat applied, the temperature difference between the
surface and the substrate that a sessile droplet rests while evaporating is not zero; the surface
exhibits a temperature decrease from the evaporation process.[55] Therefore, there is some effect
from these forces, and are likely responsible for some of the interior structures seen across the
film. The intrinsic surface tension of ethanol is comparably low, and the corresponding change in
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surface tension gradients with temperature are not expected to be large. Instead, internal forces
affecting nanowire movement may occur from rapid cooling during evaporation, which may
condense ambient moisture onto the liquid surface, and generate surface tension gradients. The
Rayleigh-Bénard convection could result due to the varying density of ethanol through different
temperature ranges.[56] It should be noted that these forces do not show any evidence of producing
the coffee-ring effect, and instead are thought to result in variation in nanowire density across the
film surface. It is therefore the capillary force which is thought to be the dominant force in forming
coffee rings.
Coffee ring formation was observed during drop-casting on pristine glass, where capillary flow
carried AgNWs to the edge of the droplet. The SEM images of AgNWs in the middle (Figure
12A) and at the edge (Figure 12B) of the dried AgNW suspension on the glass substrate clearly
show the accumulation of AgNWs at the edge. XPS spectroscopy was performed across the dropcasted film on the glass substrate to verify the distribution of the AgNWs. The Ag 3d peak
intensities were plotted across the deposited area, indicating a higher concentration of AgNWs at
the edge (Figure 12C, black line).

3.2.3 Drop-casting of 1D Nanomaterials on Superhydrophilic Coatings
A typical drop-casting process is illustrated in Figure 12D, where a liquid dispersion spreads out
into a thin film, and the contact angle decreases. The fast spreading and drying of a drop of AgNW
suspension on the nanoporous superhydrophilic surface was visible through the reflection of the
liquid sheet (Figure 12E). Compared with a 5 µL droplet spreading on a glass substrate to less
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than 2 mm from the spot of contact, the same volume droplet formed a much larger deposited area
on the superhydrophilic surface with the deposition edge extended to 10 mm from the spot of
contact. The distribution of the AgNWs in the deposited area on the superhydrophilic coating was
examined by SEM and XPS spectroscopy. The SEM images (Figure 12 F-H) show that AgNWs
deposited from various concentration suspensions (e.g. 0.1, 0.5 and 1.0 mg mL-1) were distributed
uniformly on the superhydrophilic substrate. The uniform Ag 3d peak intensity in XPS over the
deposition area further supported that AgNWs were coated uniformly in the area (Figure 12C, red
line).
It was also interesting to observe that a thin reflective ring remained at the outer perimeter of the
AgNW deposition area on the superhydrophilic surfaces. The SEM image (Figure 12I) of the ring
shows that it was composed of AgNW synthesis byproducts such as nanowire fragments and Ag
nanoparticles (AgNPs). The uniform deposition of AgNWs and the accumulation of small particles
at the edge provided a hint of the mechanism of quenching the coffee-ring effect on nanoporous
superhydrophilic surfaces which resulted from the restrained movement of suspended materials in
the rapid spreading liquid. We believed that the rapid spreading of liquid on a superhydrophilic
nanoporous surface resulted in an outward flow that compensated the capillary flow and led to a
uniform deposition of suspended materials in the area. Because a thin liquid sheet remained after
spreading (Figure 2E) where an internal flow would happen upon liquid evaporation, the thickness
of the liquid sheet and dimension of suspended materials played an important role in determining
the motion of suspended materials in the liquid sheet.
A 5 µL droplet quickly spread to form a thin liquid sheet with a circular geometry of radius 10 mm
on the superhydrophilic surface. The thickness of the liquid sheet was calculated as ~15 µm when
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solving ℎ = 𝑉𝑉⁄𝜋𝜋𝑟𝑟 2 , where h is the sheet thickness, V is the droplet volume and r is the radius of
the liquid sheet. The AgNWs individually experienced hydrodynamic drag forces as they were

subjected to the shear forces of the spreading liquid. However, the NWs lost their mobility in the
liquid film as it rapidly thinned, due to the limited space for the nanowires to translate. In the
limited space of the spreading droplet, the suspended NWs touched adjacent NWs, as well as the
substrate, and collapsed into a NW network on the substrate. The liquid flew through the NW
network as the liquid continued to spread. The existence of such a network structure inside the
liquid was supported by observations with optical microscopy of a droplet on pristine glass, seen
in movie S1. To explain our observations, a deeper analysis through a connection to the DoiEdwards theory of rigid rod dynamics is provided in the supplementary materials. This theory
describes a physical representation of nanowire concentration through available solvent space per
nanowire, and can provide insight into the relationship between connectivity of the wires,
orientation, and their deposition behavior as they are drop-casted into a thin film.
The debris area at the edge was composed of small particles that were still mobile in the thin liquid
film and reached the perimeter of the spread liquid (Figure 2I). Wong et al. observed a similar
phenomenon described as nanochromatography using polystyrene particles of different size[57]
where the internal flow delivered the particles to the edge with smaller particles closer to the
contact line. In our case, the thin liquid film limited the movement of AgNW network but allowed
the small particles to be carried to the contact line by the internal flow caused by the liquid
evaporation.

35

`

3.2.4 High Performance TCFs
Metal flakes and carbon materials such as CNTs and graphene have been used in TCFs, but failed
to match the required levels of conductivity without significant loss of their transmittance.[58, 59]
High performance TCFs from solution processed 1D and 2D nanomaterial require high
transmittance (T), low sheet resistance (Rs) and surface roughness, and good chemical stability.[38,
60] Antireflective superhydrophilic substrates in our study provided surface to cast a uniform
AgNW network, which obtained high electrical conductivity and transparency.
The dimension of AgNWs was chosen based on the models of the electrical percolation in 1D
material films.[61, 62] The length of deposited NWs is directly related to the critical density, Nc,
that is necessary for the NWs on a substrate to form a percolative network and was found to be
𝑛𝑛𝑐𝑐 𝐿𝐿2 ≅ 5.637.[63] The critical density for NWs is lower for the NWs of greater length. The sheet
resistance in turn is then proportional to
𝑴𝑴

𝑹𝑹𝒔𝒔 ∝ (𝒏𝒏−𝒏𝒏

𝒄𝒄 )

(6)

𝜸𝜸

Where M is a material constant for the conductive wires, and n is the density per area of wires in
the sample. The exponent 𝛾𝛾 was found to be ∼ 1.29 for network densities near the percolation

threshold.[63] Equation 4 predicts that with increasing L, (𝜕𝜕𝑅𝑅𝑠𝑠 ⁄𝜕𝜕𝜕𝜕)𝑛𝑛 → 0. Beyond a certain
nanowire length, sheet resistance changes only minimally with increased length, at a constant
surface coverage. Therefore, the AgNWs of a length of 100 - 200 µm were chosen in our study.
We have compared the performance of the TCFs produced on glass through spin-coating (sc) and
on the superhydrophilic antireflective substrate through spin-coating (sc) and drop-casting (dc). It
was found that the performance of TCFs prepared through drop-casting AgNW suspensions on
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superhydrophilic antireflective coating was similar to those produced through spin-coating. In
contrast, drop-casting AgNW suspensions on bare glass substrates led to poorer performance TCFs
because AgNWs assembled into “coffee rings”.

Figure 17 Performance of the transparent electrodes.
(A) The comparison of the transmittance and sheet resistance of TCFs on glass through spincoating (sc) and on the superhydrophilic antireflective substrate through spin-coating (sc) and
drop-casting (dc). TCFs prepared on the superhydrophilic antireflective coatings, showing high
transparency with deep (B), shallow (C) depth of field (DOF) and angled to show the reflection
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(D). The sample had a T550 of 94.9% and a Rs 220 Ω sq-1. (E) The performance of our TCFs
compared to other materials and commercially available TCFs. [58, 59, 64-80]

Figure 15A compares the transmittance and conductivity of TCFs produced on different substrates
from ethanol suspensions of different concentration AgNWs. It is obvious that drop-casting 0.1
mg mL-1 and 0.5 mg mL-1 AgNW suspension on the superhydrophilic substrates produced similar
if not better performance TCFs compared to spin-coating 0.2 mg mL-1 AgNW suspension on the
superhydrophilic substrates. Drop-casting the AgNW suspension of lower concentration produced
TCFs with a higher conductivity than spin-coating because drop-casting kept all AgNWs in the
deposited area while spin-coating lost some AgNWs. Therefore, it was not surprising that dropcasting 1 mg mL-1 AgNW suspension caused a great reduction of the transmittance because a large
quantity of AgNWs were deposited. Spin-coating AgNWs on glass substrates generated TCFs with
similar conductivity but much lower transmittance compared with TCFs produced on the
superhydrophilic substrates. It is important to note that the transmittance of all TCFs in our study
was measured using air as the reference. That is why the transmittance of TCFs on pristine glass
cannot exceed ~92%. The high transmittance of TCFs on the superhydrophilic substrates was
attributed to the antireflection of the substrates as shown in Figure 1C. Figure 15B - D are the
pictures of a TCF with a Rs of 250 Ω sq-1 exhibiting a transmittance of 97.7 %. The performance
of TCFs on the superhydrophilic antireflective substrates were compared to literature TCFs by
standardizing the reported values (Figure 15E). We have listed their reported transmittance values
in Table 2, however it should be noted that their true values may be lower, as the transmittance of
coatings often remove substrate reflections as background.[58, 59, 64-80] Reported Rs values of
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TCFs composed of graphene or CNTs are typically much lower than those of TCFs composed of
individual graphene sheets or nanotubes. This is due to the nature of the percolative network
formed, where individual nanotubes cannot be fused together as metal nanowires can, leading to
high contact resistance at CNT junctions.[81] Graphene films are typically polycrystalline and
have many grain boundaries that inhibit conduction.[82] Commercially available ITO samples
reach low Rs values, however the transmittance values typically do not exceed ~87%.
A figure of merit (FOM) has been used to compare materials having multiple metrics of
performance such as transmittance and conductivity.[83] The Haacke FOM,[84] described as
𝜑𝜑 𝑇𝑇𝑇𝑇 = 𝑇𝑇 10 ⁄𝑅𝑅𝑠𝑠 was used to evaluate the TCFs listed in Figure 3E. Other methods which consider

film thickness in their calculation are less applicable to percolative conducting networks, and better

suited to compare layered materials or those grown via physical vapor deposition, such as ITO.[85,
86] The FOM for our material was found to be 1.76×10-2, and was among the highest FOMs

reported, with a selection provided in Table S1. It is surpassed by only a few values reported from
commercial sources and from some in the literature, where there remains some ambiguity
regarding the subtraction of background.

3.2.5 Stabilization of the AgNWs on TCFs
Although the TCFs produced from AgNWs on the superhydrophilic antireflective substrates
demonstrated high electrical conductivity and transmittance, the electrical conductivity decreased
dramatically after ten days because of the oxidation of pristine AgNWs. Core-shell nanowires such
as Cu-core/Ag-shell and Cu-core/Au-shell NWs,[77, 78], and Ag–Pt alloy-walled hollow
NWs[79] have been produced to improve the electrical conductivity and stability of NWs. Liu and
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coworkers described an epitaxial growth process where Au was selectively grown on Ag
nanomaterials without etching the underlying Ag.[51] By dipping the samples of AgNWs on the
superhydrophilic antireflective substrates into a growth solution, Au gradually coated AgNWs
without forming particles in solutions or in the regions between the AgNWs. The AgNWs
remained on the substrate during the coating process.
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Figure 18 Epitaxial growth of Au onto a AgNW network
(A) AgNW TCF design, as a representative periodic table symbol for Ag, and the fabricated film
against dark (B) and light (C) backgrounds. (D) TEM micrograph of the AgNWs after 10 min in
Au growth solution. (E) The XPS spectra of a sample treated with Au growth solution. (F) The
sheet resistance change of the AgNW electrode with and without Au sheath over time. (G) The
relationship between transmittance and Au growth time. that the Au coatings greatly improved the
stability. (H) Visible transmission spectra after Au growth on AgNW percolative networks on
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glass, for 0, 10 and 20 minutes of Au growth. (I) UV-Vis transmission spectra after Au growth on
AgNW percolative networks for 10 minutes, on quartz. For these samples, the background was
removed to see the transmission spectra of the percolative networks alone.
To demonstrate the selective epitaxial growth on the film, AgNWs were patterned into a
representative periodic table symbol for Ag, with selective growth of Au on the pattern. Leaving
a PDMS film on certain regions of the ‘Ag’ symbol blocked the contact with the Au growth
solution, allowing for selective Au growth in the exposed area. The exposed regions allowed
growth to appear as the symbol ‘Au’, as shown in the design in Figure 16A. There was observable
Au deposition in regions that do not contain exposed AgNWs and Au nanoparticles formed in
solution (Figure 18). The appearance of the AgNW pattern and Au coated regions is different
against light and dark background (Figure 16 B and C). The AgNW pattern (‘Ag’) is seen clearly
against dark backdrops but difficult to be observed against light background. In contrast, Au coated
regions are visible against both backgrounds. This is explained by the reflectance and absorbance
spectra of the two materials, with the reflectance modes for Ag occurring in the UV region, while
Au has reflectance in the visible region.
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Figure 19 The atomic distribution of Ag and Au in the nanowire.
A TEM image of AgNWs after 10 minutes immersion in the growth solution is seen in Figure
16D, showing a thin sheath of Au on AgNWs. The atomic distribution of the Ag and Au shows
the core-shell nature of the growth (Figure 19). The coating of Au was also supported by the XPS
spectra of the sample after 5 min of growth (Figure 16E). The peaks associated with Au4f7/2 and
Au4f5/2 peaks have metallic characteristics, with a full width half max of ~0.69 eV. The relative
Ag and Au atomic percentages was calculated according XPS change with Au growth time, Ag
signal decreasing gradually from 2.21, 2:06 to 0.94%, and Au increasing from 0.00, 1.96 to 2.87%,
with 0, 5, and 20 minute deposition times. XPS data only provided a qualitative estimate for the
metal content, as this technique only probes ~10 nm into the surface.
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Figure 20 Galvanic and epitaxial deposition of Au on the AgNW network.
The reaction of the Au growth media on the AgNWs (B) at various pH produces contrasting (A
and C). All scale bars are 2 μm. At low pH, the reaction degrades the existing AgNW network,
resulting in a non-conductive film. At pH above 8.5, the reaction deposits Au uniformly on the
AgNW surface. We have only explored pH ~7.5-9, and have not evaluated pH greater than 9.

Figure 16F compares the sheet resistance change of the AgNW TCFs with and without Au coating
over time. The sheet resistance of uncoated AgNW TCFs began to increase significantly after ten
days. In contrast, the sheet resistance remained unchanged over time for the AgNW TCFs treated
with Au coating solution for 5 minutes. The Rs of several samples were measured after one year;
they remained within 1 ohm/sq of their original value. The transmittance of TCFs decreased with
increased immersion time in the Au coating solution due to the increase of NW size. Figure 16G
shows the transmittance change of the TCF produced from drop-casting 1 mg mL-1 AgNW
suspension. The visible transmittance spectra for the AgNW and Ag@AuNW TCFs on glass are
shown in Figure 16H, whereas their spectra when prepared on quartz (with background
subtraction) are shown in Figure 16I. Figure 4H shows the %T450 and %T750 for AgNWs to be
95.9 and 95.6, respectively. However, the %T450 and %T750 for Ag@Au core-shell NWs varied
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more dramatically, from 85.3 and 91.3, respectively.

The UV-Vis spectra of AgNW and

Ag@AuNW on quartz allow for the assessment in the ultraviolet (Figure 16I). The surface
plasmon resonance (SPR) corresponding to bulk silver produces a peak at 349 nm, with a second
peak corresponding to the transverse plasmon oscillation of the NW observed at 377 nm. The
region from 200 - 320 nm is the absorption of metallic Ag. After epitaxial Au growth, a shoulder
in the spectra appears at 495 nm corresponding to the SPR of Au. The transmittance of these TCFs
is typically reported at 550 nm, however the transmittance in the longer wavelengths remains high
even with greater Au coating. Our best sample of Ag@Au core-shell NWs on nanoporous
antireflective coatings have a recorded transmittance of 92.0 %T with a Rs of 39.8, and the Haacke
FOM for this sample was 1.1×10-2, surpassing other core-shell and alloy NW TCFs listed in Table
1.
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Figure 21 Appearance of the AgNW film during and after Au epitaxial growth
(A) The appearance of the film after 10 minutes in growth solution. Note that the growth solution
has not appeared to show the purple hue of typical Au NP growth in the solution, however the
typically transparent/gray coating begins to take on a gold hue. (B) The periodic table element
with Au growth, held to demonstrate the scale of the design.

3.2.6 Incorporation of 2D Materials
Utilization of TCFs in thin film optoelectronics often requires smooth surfaces. Solution-based
deposition of nanomaterials often produce a rough surface that causes short circuits and device
failure. [87, 88] Can flat 2D materials be used on the top of AgNWs to reduce the roughness and
increase the conductivity? In the seminal work of Pike and Seager describing the impact of particle
morphology on percolative conductivity, 2D discs were demonstrated to form a conductive
network at a lower concentration than 1D wires with a random arrangement on a surface (for 1D
wires approximately four times as many wires are required to reach the same level of
connectivity).[61, 62] Therefore, a 2D object on a 1D coating may have synergistic effects by
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bridging any gaps in the percolative network formed by the 1D network, especially at the lower
limits of the percolation threshold. Graphene oxide (GO) has been used as conductive 2D materials
in TCFs [89] and combined with AgNWs to improve the contact between NWs.[69] We
investigated the deposition and properties of GO coatings onto AgNW networks as a model 2D
material. We expected that flat hydrophilic GOs could form a conformal coating on the
superhydrophilic surfaces to suppress the surface roughness and decrease the sheet resistance of
AgNW TCFs.

Figure 22 Three different morphologies observed on a sample with GO/AgNW on the
antireflective (AR) surface, obtained via tapping mode AFM (amplitude)
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Three different morphologies observed on a sample with GO/AgNW on the antireflective (AR)
surface, obtained via tapping mode AFM (amplitude). Clockwise from top left, the GO coverage
of AgNWs on the nanoporous surface, the exposed AR surface, and GO only coated on the AR
surface.

Figure 23 AFM tapping mode images of GO spray-coating of the AgNWs on nanoporous
coatings
Gradual spray-coating of GO dispersions. The micrographs showing (A - C) height and (D - F)
amplitude can be seen. All scale bars are 2 μm.
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We have used spin-coating and spray-coating to deposit GO onto the AgNW/superhydrophilic
surface. Figure 22A shows the transmittance and electrical conductivity of TCFs after AgNW
TCFs produced from different concentrations of AgNWs were spin-coated with increased
concentration of GO suspensions (0.25-2.5 mg mL-1). Generally, the transmittance decreased with
more GO deposited on TCFs. The improvements of the conductivity of the TCFs produced from
low concentration of AgNWs (Rs ~ 1 kΩ sq-1) was obvious likely due to the soldering of NW
junctions by GO sheets as described by Liang et al.[69] On the other hand, GO did not provide
much improvement of the electrical conductivity of TCFs with low resistances (< 100 Ω sq-1). It
was believed that AgNWs deposited from high concentration of AgNW suspension would have
multiple junctions for each NW. Additional soldering with GO likely did not improve the
connectivity of the network.
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Figure 24 Properties of the 1D and 2D electrodes
The optical and electrical properties of several conductive regimes of an AgNW TCF after coating
with GO suspensions with different concentrations of GO through spin-coating (A) and spraycoating (B). The open symbols in (A) show the values for AgNWs with no GO coating. AFM
tapping mode images of AgNWs on nanoporous coatings, with gradual spray-coating of GO
dispersions from 10 (C), 20 (D), and 40 spray coats (E).
Unlike spin-coating, spray-coating offers some control over the deposition density and coverage
of GO on TCFs. Spray-coating allows for short bursts of dispersion to attempt to coat the surface.
The droplets of GO suspension completely wetted the superhydrophilic surface with AgNWs. The
rapid spreading and drying of the liquid allowed for a uniform deposition of GO. It was interesting
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to notice that spray coated GO did not reduce but increased the sheet resistance of TCFs produced
from AgNWs (Figure 22B). However, the appearance of the AgNWs did not altered under an
optical microscope. Probably, the contacts between AgNWs were disrupted when the aerosol
droplets hit the TCF surfaces. Liu et al. observed a similar trend, where simply breathing on a
AgNW network resulted in losses to the observed conductivity.[90] On the other hand, the impact
of GO on the electrical conductivity of TCFs of Au coated AgNWs is minimum because the
contacts between AgNWs were already soldered by Au coatings. The major contribution of GO in
this case was reducing surface roughness.
The AFM study of AgNW TCFs with multiple spray coatings of GO demonstrated incremental
smoothing of the TCF surface (Figure 22C-E and Figure 21). The pristine superhydrophilic
coating (Figure 8A) has an observed areal root mean square roughness (Sq) value of 16.9 nm.
AgNWs on glass exhibited an Sq of 23.4 nm, and the AgNWs on the superhydrophilic coating had
an Sq of 28.4 nm. Incomplete coverage of the TCF with 20 spray coatings of GO smoothed the
surfaces down to 16.9 nm (Figure 22D). A greater area of the surface was covered after 40 spray
coats, and the roughness was brought down to an Sq of 15.7 nm (Figure 22E). In the localized
regions (such as between nanowires), Sq decreased down to 7-10 nm, as the GO sheets were draped
over the underlying silica nanoparticle film. Over the full coating, single or few layers of GO had
limited ability to decrease the roughness, especially in terms of RPV, or the peak-to-valley
roughness where the roughness metric is dictated by the highest and lowest features of the film.
Over large areas, the height of the nanowires in the film were not masked by GO sheets, which
conformally coated the electrode surface. The conformal coating of the single layer GO could
mask the 30 nm diameter AgNWs, which themselves rose at least as much above the film surface,
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not including junctions which were at least twice as high. With the GO sheets being only typically
~1 nm thick, they do not change the surface with respect to this surface metric (Figure 20).[91]
We can compare broadly our materials performance and roughness against the many transparent
electrode technologies today.
Table 2 Comparison of reported TCEs
Metal Oxide TCFs
composition

Deposition method

annealing treatment

Rs
(ohms/sq)

%T550 **

φ
(FOM)

Roughnes
s (nm)

Ref

ITO commercial

*

*

10 -70

84 - 87

3.5E-03
- 1.7E02

~2

[64]

composition

Deposition method

annealing treatment

Rs
(ohms/sq)

%T550 **

φ
(FOM)

Roughnes
s (nm)

Ref

Graphene

CVD growth on Cu
foil

none

350 - 2100

90 – 97.4

3.7E-04
- 1.0E03

*

[92]

Graphene

CVD growth on Cu
foil

Doping with nitric
acid (HNO3)

30

90

1.2E-02

*

[93]

CNT

film formation on
filter membrane; soak
and lift-off/transfer to
substrate

heat (90 °C, 45 min)

30

78

2.8E-03

*

[94]

Carbon-based TCFs

Silver nanowire TCFs
composition

Deposition method

annealing treatment

Rs
(ohms/sq)

%T550 **

φ
(FOM)

Roughnes
s (nm)

Ref

AgNW

Roller coating

130 °C, 10 min

19

88

1.5E-02

*

[95]

AgNW
(commercial;
Cambrios)

Roll-to-roll

*

30

90

1.2E-02

*

[67]

AgNW

Spin-coating

none

70

87

3.5E-03

*

[96]

AgNW on
nanoporous
antireflective
coating

Spin-coating

none

25 - 382

92.1 -97.7

2.1E-031.8E-02

28.4
(Sq/RMS)

this
work

AgNW on
nanoporous
antireflective
coating

drop-casting***

none

17.4-278.9

88.5-96.2

2.4E-03
1.7E-02

17.1 - 22.6
(Sq/RMS)

this
work

Silver nanowire hybrid TCFs
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composition

Deposition method

annealing treatment

Rs
(ohms/sq)

%T550 **

φ
(FOM)

Roughnes
s (nm)

Ref

AgNW/GO

Roller coating

heat (180 °C, 30 min)

12-26

79.2-86.3

8.1E-03
- 1.0E02

*

[97]

Polydopamine/Ag
NW

soaking/spin-coating

heat/pressure (180 °C
and 4 tf 10 min)

15.2

80

7.1E-03

13.3 (Rq)

[70]

AgNW/Mxene

spray-coating/spincoating

heat/pressure (110
°C, 10 MPa)

18.3

52.3

8.4E-05

19.3
(RMS)

[98]

Graphene/AgNW/
Graphene

spin-coating

heat/pressure
(120 °C, 5 Mpa),
chloroform bath

19.9

88.6

1.5E-02

*

[71]

graphene
oxide/AgNW on
nanoporous
antireflective
coating

spin-coating/spraycoating

none

39.6

85.7

5.4E-03

15.67
(Sq/RMS)

this
work

Copper nanowire TCFs
composition

Deposition method

annealing treatment

Rs
(ohms/sq)

%T550 **

φ
(FOM)

Roughnes
s (nm)

Ref

CuNWs

Roller coating

heat (80 °C, 2 min)

65.7

92

6.6E-03

9.3 (RMS)

[99]

CuNWs

film formation on
filter
membrane/transfer to
substrate

heat/pressure (80 °C
in vacuum, 1 h)
hydrogen annealing
(300 °C, 1 h)

220

91

1.8E-03

88.2 - 18.7
(RMS)
decrease
after
encapsulati
on

[100]

CuNWs

film formation on
filter
membrane/transfer to
substrate (15 mPa 5
min)

acetic acid rinse

102.9

97.61

7.6E-03

*

[101]

CuNWs

Roller coating

1064 nm laser

60

85

3.3E-03

*

[102]

CuNWs

spray coating

glacial acetic acid
rinse, electroplating
at 0.3-1.5 V

30

83

5.2E-03

*

[76]

Rs
(ohms/sq)

%T550 **

φ
(FOM)

Roughnes
s (nm)

Ref

[103]

[104]

Core-shell and alloy nanowire TCFs
composition

Deposition method

annealing treatment

Cu@Ag alloy
nanowires

spray coating

heat (140 °C), highintensity pulsed light

35

89

8.9E-03

137 - 19.3,
decrease
after
encapsulati
on

Cu@Au core-shell
nanowires

film formation on
filter
membrane/transfer to
substrate

annealed under
forming gas (10%
H2 and 90% Ar, 260
°C, 30 min)

35

89

8.9E-03

*

53

`

Ag@Pt core-shell
nanowires

spincoating/electrodeposi
tion

none

28.73

82

4.8E-03

*

[105]

epitaxially grown
Ag@Au
core−shell
nanowires (on AR
coating)

Spincoating/epitaxial Au
growth

none

39.8

92.0

1.1E-02

*

this
work

* This information was not reported
** These values are the reported transmittance values, and the subtraction of the background is
unknown. The real transmittance values of the generated films, including their substrates, is
likely lower. For our work, the value is the true transmittance.
*** To our knowledge, this is the only systematic study of drop-casted metal nanowire TCFs.

3.3. Conclusions
Superhydrophilic surfaces enabled a fast spreading of liquid that eliminate the coffee-ring effect
when AgNW suspensions were drop-casted on the surface. It was demonstrated that the internal
flow, geometry of thin liquid films and the size of nanomaterials have a combined effect on the
uniformity of the deposition. The nanowire movements during drop-casting were observed in-situ,
and the behavior explained by the interconnectivity of the rods and calculations from Doi-Edwards
theory. High performance TCFs with a transmittance greater than pristine glass, low sheet
resistance, and static superhydrophilicity were produced entirely through a drop-casting process.
Selective growth of Au on an AgNW percolative network granted an improvement to stability that
is necessary as such materials move towards a wider variety of applications. Spraying coating of
GO suspensions on the AgNW networks on superhydrophilic surfaces generated a conformal
coating of GO that reduced the surface roughness. Superhydrophilic surfaces demonstrated great
potential as a substrate for generating uniform deposition of 1D and 2D nanomaterials.
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3.4. Experimental section
3.4.1 Materials
Silver nanowires were obtained from ACS Materials (Pasadena, CA). Graphene oxide was
purchased Graphenea Inc. (Cambridge, MA) and used without further purification. Glass slide
were purchased from Fisher Scientific. Poly(allylamine hydrochloride) (PAH) (Mw = 70,000),
poly(sodium 4-styrene sulfonate) (PSS) (Mw = 70,000), and the colloidal silica nanoparticles
Ludox TM-40 (40 wt% SiO2 suspension in water, average particle size of 22 nm, and specific
surface area of 140 m2 g-1) were obtained from Sigma-Aldrich.

3.4.2 Fabrication of Superhydrophilic Anti-reflective Coatings
Layer-by-layer coating was performed with a Nanostrata Stratosequence VI. First, adhesion layers
were prepared from PAH (0.01M)/NaCl (0.1M) and PSS (0.01 M)/NaCl (0.1M) aqueous solutions.
Glass slides were alternatively dipped into PAH (0.01M)/NaCl (0.1M) and PSS (0.01 M) /NaCl
(0.1M) solutions for 15 min each, with three rinses of water between each polyelectrolyte layer (2
min, 1 min, and 1 min for each successive rinse). The optimum number of bilayers was five, to
allow for sufficient adhesion of the PAH/SiNP layers, which were deposited as follows. A 0.01 M
PAH solution and a 0.03 wt% solution of SiNPs were prepared, each in 0.01 M NaCl. The
deposition time was 15 min each, again with three rinses of water (with the same rinse time as for
the adhesion layers). The optimum number of bilayers to yield the greatest transmission at 550
nm was found to be 18, which was used for the subsequent studies on transparent conducting films.
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To stabilize the surface, the polymer-SiNP films were calcinated in a Thermo Fisher Scientific
Lindberg/Blue M tube furnace in open atmosphere, for 2 hours at 400 °C, with a 1 hour ramp.

3.4.3 AgNW Electrode Preparation
Silver nanowire suspensions in ethanol with a concentration 20 mg mL-1 were diluted in pure
ethanol to form a range of concentrations between 0.5 - 2 mg mL-1 for spin-coating and 0.1 - 1 mg
mL-1 for drop-casting. Spin-coating was performed on a WS-400-6NPP-LITE spin-coater from
Laurell Technologies. Samples prepared via spin-coating were spun at 2000 rpm for 2 min under
flowing N2 atmosphere to ensure full evaporation of the solvent. To compare glass substrates to
the superhydrophilic AR coating, glass slides were cleaned with base bath and then corona treated
prior to deposition so that the wettability was improved. Corona surface treatment was performed
with a Model BD-20 from ETC Inc. Drop-casted samples were prepared with 5 μL droplets of the
silver nanowire dispersions in ethanol. The drop-casted films were dried at room temperature with
no additional treatment.

3.4.4 Au growth on AgNW TCFs to form Ag@Au core-sheath NW TCFs
For coating the AgNWs with Au, the methodology was adapted from Liu et al.[51] To 4.72 mL of
H2O was added 40 µL of HAuCl4 (0.25 M), 400 µL of NaOH (0.2 M), and 3.00 mL of Na2SO3
(0.01 M). All reagents were added in that order, and the solution was left undisturbed for one hour.
A solution of 4.55 mL of H2O, 1 mL of polyvinylpyrrolidone (PVP, 5 wt.%), 200 µL of ascorbic
acid (AA, 0.5 M), 200 µL of NaOH (0.5 M), and 50 µL of Na2SO3 was prepared, before adding 4
mL of solution I. Substrates with AgNW films were placed in this solution for a chosen portion of
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time, before being dipped into nanopure water three times to rinse excess reagent, for 15 seconds
each dip. Substrates were dried under flowing N2. It was discovered that the pH of the treatment
solution was important to the generation of Au nanoparticles where pH below 8.5 led to the
formation of Au nanoparticles (Figure S9)

3.4.5 Graphene Oxide Coating
For spin-coating, several concentrations of GO were deposited on AgNW films. AgNWs thin films
were prepared by spin-coating 0.5 - 2 mg mL-1 onto glass substrates. To each of these films, GO
solutions were subsequently spin-coated, with concentrations of 0.25, 1 and 2.5 mg mL-1. For
spray-coating, GO solutions were prepared at 1 mg mL-1 using horn sonication for 30 minutes with
a Branson ultrasonicator. The solutions were then spun at 4000 rpm for three minutes in a
centrifuge to remove aggregates. The collected supernatant was added to a spray coater and
deposited in quick sprays, with each spray lasting approximately half a second, and the substrate
drying between sprays. A Master SB844-SET airbrush with a Rigid model OF60150HB air
compressor operated at 15 psi were used for spray-coating.

3.4.6 Characterization
To measure sheet resistance, gold was sputtered onto the substrates so that the geometry of the
conductive film remained precisely square (25 mm x 25 mm). A Quorum Q150V S Plus sputter
coater was used for all substrates. Next, a CH Instruments CHI660D Electrochemical Workstation
was used to collect the sheet resistance using linear sweep voltammetry from 0 - 1 V with a scan
rate of 0.1 V s-1.
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Water contact angles were measured with an OCA 15EC goniometer and analyzed with the SCA
20 module from DataPhysics Instruments. A droplet volume of 1 µL was used for each
measurement.
To study the AgNW concentration as a function of distance from droplet center, X-Ray
Photoelectron Spectroscopy (XPS) was performed. A line scan with a scan width of 200 µm was
performed where scans were taken every 200 µm across drop-casted films of silver nanowires, on
both glass and AR coatings.
X-Ray Photoelectron Spectroscopy (XPS) was performed with a Thermo Scientific ESCALAB
Xi+ X-ray Photoelectron Spectrometer Microprobe. Scanning and transmission electron
micrographs were obtained with a Zeiss ULTRA-55 FEG SEM and JEOL TEM-1011,
respectively. Atomic Force Microscopy (AFM) was performed with a Veeco Dimension 3100,
with tapping mode in air. Optical microscopy was performed with an Olympus BX51M. UV-Vis
Transmission spectra were obtained with an Agilent Cary 300 UV-Vis Spectrophotometer.
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CHAPTER 4: ELECTROSPUN HYDROGEL FIBERS GUIDE HKUST-1
ASSEMBLY
4.1. Abstract
Metal organic frameworks (MOFs) have been touted for their large surface areas, with
interconnected porosity throughout their crystal framework. Designing MOFs with controlled
structure and size and with stable attachment to surfaces are two objectives to enhance practical
utilization of MOFs for their many applications. We propose that tuning the composition of
electrospun hydrogel nanofibers makes them excellent substrates to promote growth of MOFs (i.e.
Cu-based HKUST-1) with controlled size.
Hydrogel fiber mats composed of poly(acrylic acid) (PAA) and poly(allylamine hydrochloride)
(PAH) were produced through electrospinning PAA/PAH solutions followed by a thermal
crosslinking. The hydrogel fiber mats were immersed in copper acetate aqueous solutions to uptake
copper ions. Upon the immersion of the hydrogel fibers mats with copper ions in a separate linker
solution, the released copper ions reacted with linkers, allowing for a controlled assembly of MOF
structures on the hydrogel fibers.
An increased PAA component in the PAA/PAH hydrogel fibers increased metal ion uptake
through the interactions between the carboxylic groups and metal ions. Upon the release of metal
ions in the linker solution, MOF crystals of a smaller scale and denser coverage than fibers with a
lower proportion of PAA were observed. A similar trend was observed in fibers of varying
diameter, with variations in crystal growth attributed to the metal ion flux at the fiber-solution
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interface. The crystals appeared well-separated and densely coated across the fibers and could
undergo rapid partial activation in dry environments.

4.2. Introduction
Controlling the growth and assembly at the nanoscale has remarkable impacts across many fields,
including catalysis,[106, 107] medicine,[108-110] and energy storage.[111, 112] One material of
particular interest is metal-organic frameworks (MOFs), a diverse class of porous crystalline
materials acclaimed for their large surface area and remarkably diverse structure and function.
MOF structures are composed of metal ions or clusters, assembled with organic molecules to form
crystalline lattices with defined porosity and distinct internal surface chemistries (open metal sites,
frustrated Lewis pairs, etc.).[113-116] These structures have been utilized in gas storage and
separation,[117-119] sensing,[114, 120] catalysis,[121, 122] and numerous other applications.
Understanding the assembly of materials with nanoscale dimensions and their altered properties
from the bulk enables their cost-effective and scalable production (e.g. nanomaterials such as
MOFs).[123, 124] Nanoscale MOFs have been developed for applications such as enzyme
mimicry,[125] two-photon-excitation emission,[126] catalysis,[127] and energy storage.[128]
However, the handling of nanoscale materials can be challenging; purification steps during
synthesis or recovery of materials after application require centrifugation or filtering, which
complicates practical incorporation of these materials into real-world systems.
To improve the design of these systems, nanoparticles are either attached to or grown directly onto
supporting materials. A large variety of MOF/support combinations have been reported.[129, 130]
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Micro and nanoscale fibers produced through electrospinning have been demonstrated as effective
supports. MOF crystals are either dispersed in the initial polymer solution before fiber production
or grown on fibers through methods such as solvothermal treatment. The typical polymers reported
in these systems are polyacrylonitrile (PAN),[131] polystyrene (PS),[131] polyvinylpyrrolidone
(PVP),[132] poly(vinylidene difluoride) (PVDF),[133] cellulosic materials,[134, 135] or
blends.[136-138] An abundance of MOF systems have been successfully produced on nanofibers
such as ZIF-8,[132] UiO-66,[139] MIL-100,[140] MOF-199,[141] MOF-808,[133] and others
containing a variety of metal ions and clusters.
In this study, we utilized electrospun hydrogel fibers (EHFs) composed of polyallylamine
hydrochloride (PAH) and polyacrylic acid (PAA) as the support. EHFs have been previously
demonstrated as effective materials for metal ion capture,[142] and as nanoscale reactors for the
production of metal and metal oxide nanoparticles.[143, 144] Herein, we describe the preparation
of these electrospun hydrogel fibers, their uptake of Cu(II), and their support-assisted growth of
the Cu-based HKUST-1 (Hong Kong University of Science and Technology); a commonly studied
MOF composed of Cu(II) and benzene-1,3,5-tricarboxylic acid (BTC) as metal nodes and organic
linkers, respectively.[145]
Studies regarding MOF growth remain largely empirical. Typical approaches for tuning MOF
crystal size include varying the synthetic conditions such as temperature [146] or reactant
concentration,[147] or through monodentate modulators.[148] The use of support materials which
can directly tune the size of the crystals has not yet been reported. The EHFs had a pronounced
effect on the growth process of the MOFs; through varying the ratio of PAA in the hydrogel fiber,
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the uptake of Cu was influenced and consequently the final composite structure altered. The
solvent-fiber interface played a significant role in the assembly, with the available carboxylic acid
moieties originating from the PAA polymer chains, forming an ideal surface for coordinating with
the growing crystals. The practical scalability of EHFs, and their role in tailoring MOF size and
coverage, supports their continued study as ideal nanoscale reactors for composite design.

4.3. Materials and Methods
The fabrication steps of MOFs on EHFs are illustrated by Figure 25.

4.3.1 Preparation of the Polyelectrolyte Solutions
Polyelectrolyte solutions of PAA (25 wt%, Mw: 240 kD, Sigma Aldrich) and PAH (Mw: 17.5 kD,
Frontier Scientific) were prepared at molar ratios of 13:1, 9:1 and 5:1 PAA/PAH, based on the
monomer molar mass. All chemicals were utilized as obtained without further purification. The
dry PAH powder was added to the PAA solution and stirred overnight to ensure homogenous
dissolution. To prepare thinner fibers, the solution was adjusted by aqueous dilution of the system
to ~25-27% and continuous stirring over several days.

4.3.2 Fabrication of EHFs
Once the polyelectrolyte solution was fully dissolved, a portion of the solution was transferred to
a 3 mL syringe equipped with a 20-gauge blunt-tip dispensing needle. The syringe and needle were
fastened into a syringe pump (NE-1000, New Era Pump System, Inc.), separated from the
grounded collector with a 10 cm gap, and pumped at a flowrate of 0.3 mL/hr. The polymer was
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spun directly onto metallic foil or onto 1 cm x 2 cm glass fragments placed on top of the collecting
plate to handle the thin films of nanofibers more easily. Using a voltage supplier (Power Supply
PS/EQ050P024-22, Glassman High Voltage Inc.), a DC voltage of 12 kV was applied across the
collecting plate and the needle tip to initiate the electrospinning process. Once enough EHFs were
spun to produce a fiber mat of a desired thickness, the voltage was ceased, and the collecting plate
was transferred to a vacuum oven (Lyndberg Blue-M, Cat. VO1218A, Thermo Scientific), set to
135 °C for 6 hours at vacuum pressure of ~1 torr for crosslinking. The fiber mat was cooled to
room temperature under vacuum and collected for further processing.

4.3.3 Growth of HKUST-1 on the EHFs
To assemble HKUST-1 crystals on the fiber surface, the pristine fiber mat was dipped into several
solutions containing the inorganic node and organic linker, followed by several rinses after each
dip. A 20 mM solution of copper acetate monohydrate (99.9%, Alfa Aesar) and a 20 mM solution
of BTC (98%, Alfa Aesar) were each prepared in 1:1 (v/v) mixtures of ethanol (99.5%, Acros
Organics) and Nanopure water (deionized water further purified from the Thermo Scientific
Barnstead Nanopure water purification system with a resistivity of ~17 MΩ·cm). For the rinsing
steps, mixtures of ethanol and nanopure water 1:1 (v/v) were used.
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Figure 25 A schematic of the electrospinning setup
A polyelectrolyte solution is pumped through a syringe to produce a small droplet of solution
suspended on the tip of the needle. A high DC voltage is applied between the needle and the
collector plate, and the solution is spun into nanofibers. A representation of the chemical structure
of the polyelectrolyte before and after crosslinking, and after Cu uptake. A representation of fiber
after crosslinking (1), after Cu(II) uptake (2), and after MOF growth (3), where the Cu(II) and
BTC are organized into crystals.

4.3.4 Characterization
Fourier Transform infrared spectroscopy (FTIR) was performed with a Shimadzu (Kyoto, Japan)
IRSpirit with a QATR-S attachment. Reflectance spectra were collected with a Cary (Santa Clara,
California, USA) 300 UV-visible spectrophotometer. X-ray diffraction (XRD) was performed with
a Panalytical (Malvern, Worcestershire, United Kingdom) Empyrean using Cu ka source operated
at 45 V and 40 mA with a 4 mm divergence slit. Scanning electron microscopy (SEM) was
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performed with a Zeiss (Oberkochen, Germany) ULTRA-55 FEG SEM. X-Ray photoelectron
spectroscopy (XPS) was performed with a ThermoFisher Scientific (Massachusetts, U.S.)
ESCALAB Xi+ X-ray Photoelectron Spectrometer Microprobe. Raman spectroscopy was
performed with a Horiba (Kyoto, Japan) LabRAM HR Evolution microscope, using a 50X
objective and 473 nm laser source selected at 3.2% power, with a collection time of 15 seconds
with five spectra averaged.

4.4. Results and discussion
4.4.1 Hydrogel Nanofiber Structure and Complexation with Cu(II)
First, the EHFs used to support the growth of MOFs are described. The fibers were fabricated
through a typical electrospinning setup, where a static electric field was applied between a
suspended droplet of a polymer solution and a grounded collecting plate. As the voltage was
increased, the solution followed the well-observed electrospinning phenomenon, where an
electrified fluid jet emerged from the polymer solution and accelerated coulombically toward a
counter electrode.[149] During this process, the liquid component of the fluid jet rapidly
evaporated, and thin continuous hydrogel fibers were collected. A potential difference of 1.2
kV/cm was applied between the two counter electrodes to initiate the formation of the Taylor cone
and begin the spinning process. Each of the polymer solutions exhibited a honey-like viscosity,
with a w/v% of 27% for each of the solutions. EHFs of varying concentration were collected, with
three molar ratios of PAA:PAH being explored (5:1, 9:1 and 13:1).
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Figure 26 Fourier Transform infrared spectroscopy (FTIR) spectra of the PAA/PAH EHFs
during the crosslinking process
No great changes are noted during the first few hours, however after 24 hours the peak at 1802 cm1

is present. The peak increases in intensity after 72 hours, indicating continued formation of the

acid anhydride with heating. Thus, the EHFs used in the remaining of the study were collected
after 5 hours and show limited evidence of anhydride formation during this time.
The polymer components have a high solubility in aqueous systems, and therefore were
crosslinked to maintain their structure during subsequent treatment in aqueous solutions. Heating
to a temperature of 135 °C in vacuum for 6 hours formed amide bonds which were sufficient to
stabilize the EHF mat with limited acid anhydride formation, which occurred after extended
heating. The emergence of the sharp peak at 1802 cm-1 associated with the acid anhydride
formation appeared ~24 hours of crosslinking as was seen in Figure 26. The increased presence of
anhydride bonds would result in the excess crosslinking that increases the fiber stiffness and
diminish the hydrogel behavior as well as reduce the number of carboxylic acid groups to
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encapsulate the metal ions. This bond formation is slow, observed to require several days or
temperatures over 150 °C to generate,[150] and as such the fiber mat was not treated for more than
6 hours (Figure 24). The fibers all showed a strong ν(C=O) at 1708 cm-1, with the appearance of
the shoulder around ~1630 cm-1, a convoluted region that contains several vibrations, such as
deformation of the -NH2 appearing at 1613 cm-1. At 1451 (cm-1), a peak associated with -CH2
deformation showed strongly in all spectra.[151] The νas(COO) vibrations of the carboxylate
groups of the pristine EHFs with different PAA/PAH molar ratios were seen at ~1538 cm-1, as
summarized in Table 3.
Next, the fiber mat complexation with Cu(II) was studied through vibrational and photoelectron
spectroscopy. It may be intuitive that the carboxylic acid groups of the PAA chains coordinate
Cu(II) ions in solutions, contingent on a pH suggestive of free carboxylate groups. We describe
the composition of the nanofibers after coordination as PAH-PAA-Cu(II), where excess PAA can
be linked to copper cations in solution. However, it may first be asked, is the Cu(II) complexed
differently with polyelectrolyte systems of varying composition? First, we can confirm the relative
uptake and the chemical state of Cu(II) in the various EHF systems through XPS. The atomic
percentage of Cu in the samples increased with additional carboxylic acid moieties in the
nanofiber. In the 5:1, 9:1, and 13:1 PAA/PAH EHFs, the Cu percentage was measured at 0.82%,
1.5% and 4.46%, respectively. The survey spectra of the PAH-PAA-Cu(II) systems and their
accompanying high-resolution scans of the Cu 2p electrons are seen in Figure 27C-D. High
resolution spectra of the Cu 2p signal exhibited 2p3/2 and 2p1/2 peaks centered at binding energies
of 933.3 and 953.8 eV with strong satellite peaks present, typical of Cu(II) complexes.
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Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) was utilized to
determine the change in the hydrogel vibrational spectra upon complexation of Cu(II) (Figure 27)
. By calculating Δν, the difference between the νas and νs (asymmetric and symmetric COO
stretches), the type of binding mode can be inferred (Table 3). The νas(COO) peak showed a strong
intensity shift upon complexation with the cupric ions, with frequencies of 1548, 1557 and 1554
cm-1 respectively. The Δν was found to be 141, 145 and 144 cm-1 respectively, suggesting a similar
bidentate bridging is present in fiber mats of all compositions. As no significant difference in the
binding environment of Cu(II) was observed in any of the hydrogel systems, the metal ion uptake
and release is postulated to be similar in the three systems.
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Figure 27 FTIR and XPS spectra of the PAA/PAH-Cu(II) fibers
(A-B) FTIR spectroscopy measurements of PAA/PAH EHFs of varying molar ratio of PAA:PAH,
before and after submersion in a solution of Cu(II). (B) A close-up of the region of the FTIR
spectra looking at the bonds of the carboxylic acid group, where the most significant changes
occur. (C-D) XPS spectra of the EHFs after Cu(II) uptake. The survey scan (C) and high-resolution
scans of the Cu 2p orbital (D) are shown for EHFs with Cu(II) of composition 5:1, 9:1 and 13:1.
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Table 3 Significant FTIR frequencies of PAA/PAH-Cu(II) system.
Ratio
PAA/PAH
5:1
9:1
13:1

Sample ID

νas (cm-1)

νs (cm-1)

∆ν (cm-1)

COO- mode

pristine
+ Cu(II)
pristine

1536.75
1548.13
1539.60

1405.84
1407.26
1410.11

130.91
140.87
129.49

Bidentate
Br.

+ Cu(II)

1556.67

1411.53

145.14

pristine
+ Cu(II)

1538.17
1553.82

1410.11
1410.11

128.06
143.71

Bidentate
Br.
Bidentate
Br.

FTIR. frequencies of the asymmetric (νas) and symmetric (νs) stretches, the wavenumber separation
(∆ν) and the assigned carboxylate coordination mode (COO- mode) are described. Bidentate Br.
(Bridging) is the only observed binding mode.

4.4.2 Growth of HKUST-1 on the Nanofiber
The growth process of HKUST-1 on the nanofibers at the scale of a single fiber is shown in Figure
32. This process was sequential, where the nanofiber mats were first submerged into solutions of
cupric acetate, followed by several rinsing steps. The rinsing allows for Cu(II) in the system to be
localized to the fibers, with the liquid between the fibers being free of any residual Cu(II). The
fibers were then submerged into a solution of BTC, leading to MOF growth on the surface of the
fibers. To remove any free residual linker, the process was finished with another set of rinsing
steps.
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Figure 28 X-ray diffraction of the MOF crystals grown on the hydrogel nanofiber.
The 13:1 PAA/PAH system was used, and subsequent growth cycles were utilized to deposit
excess HKUST-1 on the fiber surface.
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Figure 29 FTIR spectra of the HKUST-1 grown on 13:1 PAA/PAH EHFs
The FTIR spectra of the HKUST-1 grown on 13:1 PAA/PAH EHFs is shown, alongside spectra
of the 13:1 EHFs before and after Cu uptake.
XRD was used to confirm the crystal phase of the MOF material after growth on the EHFs (Figure
28). The diffraction pattern of crystals grown on the 13:1 EHF was shown, with additional growth
cycles used to increase the crystal density and the resulting signal intensity. The lattice spacing
was found to be 26.3 Å, consistent with literature.[145] After growth of the HKUST-1 on the
fibers, the vibrational modes of the crystal dominated the spectra, as seen in Figure 29. The
ν(C=O) and νas(COO) for the PAA/PAH in the EHFs were still present in the spectra. The most
prominent peaks at 1370 and 1445 cm-1 are commonly associated with the νs(COO). Some
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attention is drawn to a different description of these characteristic peaks, being attributed to the
tangential C-C stretches in the aromatic rings.[152] The ring deformations were also seen at 729
and 756 cm-1, associated with aromatic carbon deformations and the out of plane bending of the
aromatic hydrogens. Raman spectroscopy was utilized to characterize the lower energy vibrational
modes associated with the Cu in the crystal, detailed in Table 4, and discussed later.
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Figure 30 SEM images of the HKUST-1 grown on the EHFs with various conditions
Scanning electron micrographs of the appearance of EHFs after one growth cycle of MOF. The
size distribution on MOFs is seen on thicker fibers of composition (A-B) 9:1 and (C) 13:1. The
thinner fiber diameters with PAA/PAH molar ratios are (D) 5:1, (E) 9:1, and (F) 13:1. The MOF
crystals grown on 13:1 EHF system, at a 0.2 molar fraction of water in ethanol.
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Figure 31 The HKUST-1 size distributions from various growth methods
(A) The size distribution of the MOF crystals when considering several physical properties of the
EHF. When comparing the diameters of 9:1 and 13:1 fibers, there is a significant decrease in the
crystal size. All growth and rinsing steps utilize a H2O:EtOH mixture with a ratio 3:1 molar ratio.
(B) The crystal size observed with a varied solvent composition during growth phase. The diameter
of the fiber is also shown, as deviations in fiber diameter influence the crystal size.
The directing behavior of the EHF fiber on the assembly of the MOF crystals is discussed. To
observe the growth on the fiber, SEM imaging was performed with a selection of micrographs
highlighted in Figure 30. Varying the PAA/PAH molar ratio had a dramatic effect on the size of
the crystals present, with smaller crystals associated with an increase in the proportion of PAA in
the fiber. A separate trend was observed in fibers of varying diameter; thinner fibers (354 ± 52
nm) produced significantly smaller crystals on average, with the results shown in Figure 31. When
the PAA/PAH ratio was reduced to 5:1, there were no crystals present on the surface, attributed to
the limited metal ion content. With the composition of 9:1 PAA/PAH, the MOF crystals showed
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a mean size of 1827 ± 576 nm, with those grown on 13:1 EHFs, 257 ± 92 nm. Thicker diameter
EHFs (721 ± 81 nm) produced larger crystals on average, with the 9:1 and 13:1 composition fibers
producing crystals of 2791 ± 611 nm and 1097 ± 218 nm, respectively.

Figure 32 The schematic representation of the HKUST-1 growth on the EHFs.
The EHF mats are submerged in Cu(II) acetate solution, following by a rinsing step, submerged in
BTC solution to grow the MOFs, and finally rinsed in solvent and dried. The release of Cu(II) near
the fiber surface produces fibers coated in well-defined crystals.
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The kinetics of MOF growth are complex; their assembly may be influenced by many factors, and
there are a wide range of conditions used for different systems. In general, it is postulated that their
growth deviates from traditional nucleation models, such as LaMer burst growth model, where
particle formation from solution occurs through uniform homogeneous nucleation and growth
throughout the media.[153] In systems which follow this model, higher concentrations typically
result in smaller nanoparticle sizes corresponding to an increase in nucleation events. In our study,
that trend was found to be consistent. The deviation from this in other reports is due to the majority
of nanoscale MOF syntheses occurring in dilute conditions, where particle size is not controlled
through thermodynamic control, but instead relying on termination of growth in the presence of
capping ligands to surround the growing crystal surfaces.[154] When the growth of MOFs occurs
on the EHF, Cu(II) must migrate out of nanoscale fibers, where it may be coordination by the
organic linkers in the liquid around the fibers, and growth is observed to be confined to the local
area around the EHFs. The initial concentration of free Cu(II) is greatest during the early stages of
growth, before a majority of the Cu has been assembled into the growing crystals. As the MOFs
form, the proportion of Cu in the nanofiber available for diffusion decreases and the later stages
of MOF growth are likely slow. The EHF system allows for ideal growth conditions, with depletion
of local concentrations of metal ions as suggested by Marshall et al.[154] However, in this study
the growth of HKUST-1 was shown to significantly deviate with varying solvent composition and
fiber diameter.
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Figure 33 SEM micrographs of the HKUST-1 crystals grown on the 13:1 PAA/PAH EHFs
SEM micrographs of the HKUST-1 crystals grown on the 13:1 PAA/PAH EHFs. In A-C, the
solvent is switched between subsequent solutions, H2O used in the cupric acetate solution and
EtOH in the BTC solution. The lack of clear crystal growth with observable facets is noted. In DF, growth is performed where all solvents are a 1:1 H2O/EtOH mixtures. These micrographs show
HKUST-1 crystals grown after 3 additional growth cycles, four growth cycles in total (1 cycle: dip
– rinse – dip – rinse). The scale bars are 8 µm in A and D, 1 µm in B and E, and 500 nm in C and
F.
When fibers of smaller diameter are selected, there is an increase in the surface area to volume
ratio of the fiber system, which correspond with increased reactivity from greater ion flux across
the interface during assembly. An increase in the metal ion flux across the fiber surface, as
represented in Figure 32 Growth frame, was shown to be associated with a decrease in particle
size. The surface area to volume ratio is then an additional critical factor in MOF assembly at
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hydrogel fiber interfaces. The surface area to volume ratio of a section of the fiber with length l is
described as 2𝜋𝜋𝜋𝜋𝜋𝜋/𝜋𝜋𝑟𝑟 2 𝑙𝑙, with the ratio of surface areas between two fibers of distinct radii r1 and
r2 expressed as 𝑟𝑟2 ⁄𝑟𝑟1 . For the two fiber diameters observed in this study, there is a ~2x greater

surface area to volume ratio in the thinner fibers. The observation of decreased particle sizes and
increased density of crystals is consistent with the increase in metal ion flux of thinner fibers,
attributed to the increase in surface area to volume ratio.
Solvent composition has been identified as a critical parameter in controlling MOF scale during
synthesis. When pure solvents were used, the crystals appeared fragmented on the surface (Figure
33A-C). Uniform crystal growth was typically only observed in the fiber mats when a mixture of
H2O to EtOH was used for the growth and rinsing steps. The water-ethanol ratio during the initial
steps was constant (3:1 molar ratio H2O:EtOH) with all other factors constant. Consistent with
literature reports,[155] the particle size strongly varied with increased ratio of ethanol in the growth
solution. By varying the composition, the crystal size was again varied, down to ~100 nm. The
relationship between the molar ratio of H2O:EtOH is shown in Figure 31B. Several H2O:EtOH
mixtures were studied between pure water and pure ethanol. MOF crystals sizes tuned down to the
nanoscale was observed, exhibiting strong solvent related growth kinetics. While even small
quantities of alcohol dramatically reduce surface tension of aqueous systems, solid crystals MOFs
do not have a clear interface between their interior and the solvent of the system, and it is unlikely
that thermodynamic effects such as Laplace pressure mediated ripening contributes to the total
energy. Growth in this variation therefore is mainly dependent on the hydration environments
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around the carboxylic acid groups of the free linkers and growing clusters, as suggested by Zhang
et al.[155]

Figure 34 SEM micrographs of the HKUST-1 crystals grown on the 13:1 PAA/PAH EHFs
Exposure to the electron beam collapses the MOF structure and resulted in what appears to be
tearing or separation at the MOF-nanofiber interface. Time intervals of exposure to the beam at
9s, 37s and 62s. The beam conditions were a 5 kV accelerating voltage at a magnification of 15kX,
with a working distance of 4.9 mm. The region of interest is highlighted in A, with the selected
region at each time interval shown D. The scale bars are all 1 µm.
In our composite systems, the MOF crystals appeared to directly grow on the surface of the
hydrogel fibers. The availability of carboxylic moieties from PAA polymer chains are likely
located on the surface of the hydrogel, and may link with the growing crystal to form Cu(II)
paddlewheels securing the crystals to the surface. The same approach has been utilized in other
literature systems.[156-158] However, in the EHF system the carboxylate density may be varied,
determined by the proportion of PAA in the blend. This may allow for improved interfacial
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strength between the MOF and nanofiber. The quality of the adhesion allowed for the crystals on
the surface to remain stable during the drying process, where strong capillary forces during
evaporation often displace small particles gathered on surfaces. Additionally, the adhesion was
observed during SEM analysis. During SEM analysis, the MOF structures begin to collapse when
the beam is focused to higher magnifications (). Such collapse is likely due to the reduction of the
cupric ions to lower oxidation states. These changes are only localized to small region where the
electron beam is concentrated. If the imaging at this magnification is performed rapidly, the change
from the native state can be preserved, and the transformation was observed in higher detail. The
crystal seems to have some tension over the nanofiber surface, appearing to tear at the interface,
suggesting strong interfacial adhesion between the MOF crystals and the hydrogel fiber. There is
potential to explore the adhesion of these crystals on hydrogels of varied PAA concentration.

4.4.3 Ambient Activation
Various methods have been proposed in the literature for activation of the HKUST-1, which
involves the removal of the solvent ligands, typically a water molecule, at the two coordinating
sites of the binuclear complex (Figure 36C). The loss of this ligand also results in a change in the
absorption spectrum in the visible range. Activation of HKUST-1 in literature often calls for
heating under vacuum,[159] or solvent exchange,[160] such as with chlorinated solvents. With our
composite material, partial activation could be performed by flowing dry N2 or Ar gas, which
appeared to produce a rapid loss of water molecules bound at the Cu sites. The macroporous nature
of the EHFs and the microporous MOF crystals allowed for two distinct pathways for mass flow
in the material. Due to the small size of the MOF crystals, gas molecules in the interior pores have
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a relatively short path to diffuse out of the crystal, where they can exchange rapidly with the
atmosphere in the space between nanofibers. The flowing N2 constantly refreshes the space
between the nanofibers with a dry atmosphere, preventing H2O diffusion back into the crystal.

Figure 35 Reflectance and Raman spectra of the HKUST-1 on EHFs during ambient
activation
As dry nitrogen gas is flushed over the MOF coated EHF mat, the MOF rapidly activates. (A) The
visible reflection spectra show the change in the reflection spectra before (blue) and during
flushing with dry nitrogen (purple). (B) The Raman spectra of the material during this process.
The EHFs significantly scatter visible light, a property commonly observed in nanofiber mats,
where the scattering is dependent on thickness and orientation.[161] However, after growth of the
MOF there was strong absorption in the visible light region, with a shift in the spectrum upon
activation. The reflectance spectra was collected across the visible and the edges of the UV and
92

`

near-IR regions (Figure 35A), showing the optical properties of the HKUST-1 on EHF in ambient
environment and during flushing with dry N2. The MOFs grown on the fiber show a strong
absorption at ~14,000 cm-1, with the appearance of a second absorption peak at ~17,000 cm-1 under
flowing of N2. Additional absorptions are present at >27,000 cm-1 associated with LMCT (LigandMetal Charge Transfer).[162] During activation, the intensity of absorption increases, ascribed to
the presence of newly available d-d transitions following the change in symmetry around the
copper ions with the loss of water molecules.[163]
Table 4 Vibrational frequencies of bonds in the HKUST-1 structure obtained through
Raman Spectroscopy.
Vibrational
mode
Cu-Cu stretch
Cu-Ow stretch
Cu-O stretch
C-H bend
C-H bend
C=C bend

ν1 , Ambient atm.
(cm-1)
178.0
278.1
499.9
743.7
828.5
1006.9

ν2 , In N2
(cm-1)
166.7
absent
512.8
744.1
827.7
1005.4

∆ (cm-1)
11.3
12.9
0.4
0.8
1.5

% Change
(ν1 − ν2 ⁄ν1 )𝑥𝑥100
6.3
2.6
0.1
0.1
0.1

The spectra were collected in ambient atmosphere, and in inert atmosphere through flushing inert
air over the sample. The difference and percent change are calculated.
Raman spectra of the MOF in ambient atmosphere and during activation with flowing N2 were
collected (Figure 35B). The use of 473 nm light source for analysis in place of the 532 nm light
source Raman avoids the burning of the sample, a consequence of the greater absorption at this
wavelength. The loss of the Cu-Ow stretch associated with adsorbed water at 278.1 cm-1 indicated
that the flowing gas was successful in activating the MOF. The Cu-Cu stretch is present at 178 cm93
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and the Cu-OL stretch associated with the oxygen atoms in the linker, appeared at 500 cm-1, with

both peaks showing a notable shift after activation.[163] There was a 6.3% decrease in the
frequency associated with the Cu-Cu stretch and 2.6% increase in the frequency associated with
the Cu-OL stretch (Table 4). Detailed treatises of HKUST-1 vibrational spectra have been
reported,[152] including into low-frequency collective oscillations.[164]

Figure 36 Ambient activation of the MOF on EHF system
94

`

As dry nitrogen gas is flushed over the MOF coated EHF mat, the MOF rapidly activates. (B) An
explanation of the size of the area of color change, where the flow of inert gas in laminar there will
exchange of water in the crystal, and as the flow becomes turbulent the chemical potential is not
reduced and there is no activation. (C) The reduction in chemical potential due to the flowing dry
gas around the individual crystals results in loss of water from the system. The site of water loss
associated with a color change, due to the changing symmetry of the Cu atoms following
detachment of water bound at the coordinating sites in the paddlewheel structure.
As seen in Figure 36, a color change from blue to purple is associated with the loss of water at the
two open metal sites, where the strength of a single bond on a Cu of the paddlewheel has been
calculated at 0.49 eV.[165] While this bond strength suggests strong attachment, it appears that
even at room temperature in dry atmosphere partial dehydration may occur, the driving force for
water loss resulting from the change in chemical potential.[166] As the other sites in the interior
of the surface likely go through a similar dehydration, they are not associated with a color change
nor do they exhibit a discernable shift in their vibrational modes, and no additional comments
about these sites are made.

4.5. Conclusion and outlook
Our work suggests the EHFs are a unique support material that can play a role in the tuning of the
size and density of MOFs grown on nanofiber surfaces. The role of the fibers in the assembly of
the crystals was described. It was found that the ratio of polyelectrolytes in the fibers determined
the uptake of the Cu(II) into the system. The localization of the metal ion concentration was
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effective for producing uniform and densely coated MOFs onto the fiber surfaces. The greater
surface area to volume ratio of thinner fibers also played a role in the size and density of MOFs on
the surface, attributed to the metal ion flux at the fiber-solvent interface. Lastly, traditional methods
to control the crystal size, such as solvent composition, were employed. By utilizing fibers with
high metal ion uptake as well as tailoring the solvent, MOFs could be grown with nanoscale
dimension. In addition, some discussion of the ambient activation of the MOFs was explored.
These hydrogel nanofibers offer a unique system where HKUST-1 crystal growth may be tailored,
aiding in efforts to better design MOF composite materials. Future work will aim to directly
measure the relationship between the HKUST-1 size and efficacy for CO2 conversion to cyclic
carbonates, as well as investigate the growth of other MOFs in this system.
The continued study into metal ion uptake can provide a basis for further studies into functional
nanocomposite materials. Current efforts include adjusting the ratio of fluorescent metal ions
within these nanoscale fibers. For instance, the tuned uptake of lanthanide ions Eu(III) and Tb(III)
by the EHF system is currently being studied. By varying the ratio of the ions in solution, the color
of emission may be tuned, and through varying the PAA/PAH ratio, the general intensity may be
adjusted.
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CHAPTER 5: TENSION INDUCED NANOSHEET FORMATION OF
SELF-SUPPORTED OF ALKALI ION (K+, RB+, CS+) INTERCALATED
TUNGSTEN METAL OXIDE
5.1. Introduction
Technologies which incorporate tungsten oxide nanosheets include near-IR absorption,[167, 168]
field-effect emission,[169] electrochromic materials,[170, 171] and catalysis.[172] Their
properties are affected by the presence of an intercalant, often an alkali ion or other small
compound.[173] These intercalants are often associated with the presence of reduced tungsten
states (W(V) and W(IV)) which contains a free electron, responsible for many of the applications
which involve light-matter interactions. The W(V) sites can be found in many stable crystalline
structures; one well-known structure is tungsten bronze, where each intercalated ion is associated
with one reduced W(VI) atom. They may also be correlated to defect sites corresponding to oxygen
vacancies.
Tungsten trioxide, WO3, is monoclinic at room temperature (γ-WO3, 17 °C to 330 °C),[174] with
a structure similar to a distorted ReO3 lattice. At elevated temperatures, the octahedra in the WO3
lattice lose their tilt, with bond angles all at 90° matching the ReO3 lattice.[175] Additional stable
WO3 lattices exist, such as the hexagonal varieties (h-WO3 and h’-WO3) which may be seen in
Figure 37. These are commonly observed when larger cations (K+, Cs+, etc.), occupy the structure,
and are often found in the larger of the two pores vertical channels seen in Figure 37. A fully
oxidized intercalated tungsten oxide, with nanosheet morphology, grows pronouncedly from
tungsten metal surfaces when oxidized in the presence alkali salt, a phenomenon well-documented
throughout literature.[176, 177] The large nanosheets are macroscopic sheets, nearly visible to the
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naked eye, and glitter on the metal surfaces from which they grow. Detailed analysis of their
structure has been reported previously.[178, 179]
Our discussion centers around uncovering how to uniformly grow these crystalline nanosheets,
known as tungsten metal oxide nanosheets. These are tungsten oxide-based structures of the
formula MxWO3+y, which are intercalated by small cations, typically alkali ions (Na+, K+, Rb+).
These are distinctly separate from tungsten bronzes (MxWO3) and reduced tungsten metal oxides
(MxWO3-y), where the state of the material is dependent on the metal cation loading, the state of
tungsten, and the concentration of defects.
The self-supported oxide structures are of interest for catalytic applications; while tungsten oxide
nanosheets have shown promise for several catalytic systems, their fabrication via solution
processing often necessitates casting with polymer binders to secure them onto various conductive
surfaces.[180] The goal is then to investigate the growth of the oxide nanostructures directly on a
tungsten surface, known as self-supported growth, where the tungsten metal acts as the source for
sustaining growth, and as the subsequent current collector for electrochemistry and similar
applications.
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Figure 37 Various tungsten oxide structures, including cubic, monoclinic and hexagonal
varieties.
The intercalated hexagonal structure can be seen in the lower panel, a similar structure as can be
seen in the potassium tungsten oxide nanosheets.

108

`

The non-uniform thinning across the nanosheet results in some sheets achieving <5 nm in size.
Growth of these structures often occurs at high temperatures (more than 600 °C) where in-situ
characterization methods can be challenging.

Anodization
40 V, 30 min
0.3 M Oxalic acid

Deposit
Alkali Halide
25 μL
1.25 M KBr

Oxidation
650 oC
Open air
1 hr

While this material has previously been reported, the mechanism for growth of the oxide
nanostructures has been suggested as a vapor-liquid-solid growth. However, the driver appears to
be the residual pressure placed upon the growing structure, at the base of the fans. This crystal
appears stable even after spreading to such thin dimensions, perhaps stabilized by the thicker
portions of the sheets.
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Figure 38 The nanosheets on W gauze at various scales
In the image obtained by optical microscopy (right), the nanosheet was knocked off the mesh by
scratching. The thinner profile along the nanosheet is responsible for the changes in color.

5.2. Materials and Methods
5.2.1 Materials
Tungsten mesh (150 mesh, 0.02 mm wire, 99.95% metals basis, Thermo Scientific) oxalic acid
(99%, Sigma Chemical Company), Tungsten foil (0.05 mm, 99.95% metals basis, Thermo
Scientific), Potassium Bromide (99+%, Thermo Scientific), Rubidium Bromide (99.8% metals
basis, Thermo Scientific) and Cesium bromide (99.9%, pure, Acros Organics).

5.2.2 Anodization of the Tungsten
First, tungsten mesh or foil was anodized in 0.3 M oxalic acid for 1 hr at 45 V using a VWR Power
Source 300V. the counter electrode was a Pt mesh, held at a distance of 1 cm for the entirety of
the anodization. After rinsing in nanopure water (>17.7 MΩ), and drying under N2 stream, the
tungsten surface was ready for salt deposition.
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5.2.3 Deposition of the Halide salts
For depositing salt solutions onto the foils, spin-coating was utilized. A 1 cm x 2 cm sample of
anodized foil was placed into a Laurell Technologies Corporation WS-400B-6NPP/LITE spincoater. The system was fitted with a N2 gas cylinder for coating in inert atmosphere. A droplet of
3.5 M salt solution (KBr, RbBr or CsBr) was placed onto the surface of the anodized metal. The
spin conditions set to 2 min at a spin rate of 2000 rpm. For depositing on the metal meshes, 1.25
M solutions were prepared, and ~75 μL droplet of solution was allowed to dry on a metal mesh
section 1 cm x 2 cm in dimension.

5.2.4 Oxidation Process
The typical methodology to produce nanosheets followed two distinct methods. In the first method,
alkali halides were deposited onto tungsten surface, and heated in a Thermo Scientific Lindenberg
Blue M Tube Furnace at a ramp rate of 20 °C min-1. Once the setpoint was reached, the system
was allowed to dwell at 625 °C for 30 minutes. The furnace was allowed to cool naturally to room
temperature before, collecting the sample for analysis. A similar method was employed with the
mesh samples.
For the second variation, vapor phase growth was employed. This method was typically employed
with the mesh samples. First, salt deposition proceeded as described above. Then, a second pristine
tungsten mesh of similar size (1 cm x 2 cm) was placed directly below the salt decorated mesh,
with a gap of ~ 1 mm via a small piece of quartz.
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5.2.5 Reduction
For the reduction, the sample was placed into the Thermo Scientific Lindenberg Blue M Tube
Furnace, and the tube evacuated for a final pressure readout of 80 mtorr. Then, pure Ar was
introduced while vacuum was applied, until the mass flow stabilized. Finally, H2 was introduced
into the flowing gas mixture via proportionator. The final concentration was 5% H2. Once the gas
flow was set up, the temperature was ramped at 5 °C min-1, up to the desired temperature. The
setpoint dwell time was 1 hour. The sample was allowed to cool to room temperature naturally,
the H2, then Ar flow removed, and finally the vacuum pressure released, and the sample collected
for analysis.

5.2.6 Characterization
For the observance of the salt deposition, an Olympus BX51M Optical Microscope was utilized.
Reflectance spectra of tungsten foils were collected with a Cary (Santa Clara, California, USA)
300 UV-visible spectrophotometer. X-ray diffraction (XRD) was performed with a Panalytical
(Malvern, Worcestershire, United Kingdom) Empyrean using Cu ka source operated at 45 V and
40 mA with a 2 mm divergence slit. Scanning electron microscopy (SEM) was performed with a
Zeiss (Oberkochen, Germany) ULTRA-55 FEG SEM coupled with a Noran System 7 with Silicon
Drift Detector X-ray detector for energy dispersive X-ray spectroscopy (EDS). X-Ray
photoelectron spectroscopy (XPS) was performed with a ThermoFisher Scientific (Massachusetts,
U.S.) ESCALAB Xi+ X-ray Photoelectron Spectrometer Microprobe. Raman spectroscopy was
performed with a Horiba (Kyoto, Japan) LabRAM HR Evolution microscope, using a 50X
objective and 532 nm laser source selected at 3.2% power, with a collection time of 15 seconds
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with 3 spectra averaged. High-resolution transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED) was performed with a FEI (Hillsboro, Oregon, USA) F30 TEM
Water contact angles were measured with an OCA 15EC goniometer and analyzed with the SCA
20 module from DataPhysics Instruments. A droplet volume of 2 µL was used for each
measurement on foil, with 2 µL droplets used for the mesh. Additional droplets were added to the
mesh sessile drops were 2 µL for each addition.

5.3. Results and Discussion
The initial research goals of this project included how uniform oxide nanosheet growth could be
influenced. As the location of growth typically was associated with the position of deposited alkali
halide salts, a uniform and very thin salt coating was desired, however generating such coatings
proved difficult. With bare tungsten metal foils or meshes, methods like spin-coating and spraycoating could not be utilized, as the wettability of the surface was low (Figure 41). Depositing salt
films through drop-casting produced a coffee-ring effect, as seen in Figure 42, where most of the
deposited salt crystallized near the edges of the drop. Additionally, the oxide morphology was not
uniform when small crystals were placed onto the surface, producing heavy nanowire/nanosheet
growth in the immediate area below and around the crystal, but only typical WO3 around it as
evidenced by the yellow-green color observed under optical microscopy.

5.3.1 Altering the Surface Wetting with Anodization
How can the tungsten metal surface wettability be altered easily and uniformly? First, it should be
stated that the surface of a metal foil or foam is not pure metal, but instead is passivated by a thin
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oxide layer. Pristine metal surfaces naturally have excellent wetting behavior,[181] and oxides
typically somewhat hydrophilic. Anodization is an electrochemical method for uniform oxidation
of metal surfaces over large areas.[182] Anodization of tungsten surfaces was performed in oxalic
acid according to procedures by Chai et al.,[183] and produced a uniform oxide layer with
excellent coverage after 1 hour (Figure 39B-E).
We can now turn to the wettability of these materials vs. the native oxide layer which is present
on tungsten surface. The water contact angle of a sessile droplet on the native oxide layer of the
foil was 76.1 ± 2.8°. To clarify this is not the Young’s contact angle; instead it is a combination of
this angle, and the natural roughness. After anodization, this wettability of the tungsten foil
improved, decreasing the apparent contact angle to 23.6 ± 4.9° when the foil was anodized at 40V
for 1 hour. The change in the wetting of the tungsten oxide layer then cannot be solely attributed
to the altered surface microstructure; as Young’s contact angle can change based on many factors,
including crystal faces; it should be noted that the anodized tungsten oxide film was highly
amorphous. The new surface area because of the nanostructure was increased, and therefore
improvements to the wetting are also ascribed to the Wenzel type wetting.
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Figure 39 The anodization of tungsten.
The anodization setup can be seen in A. The nanoscale morphology and coverage of the
anodized surface may be seen in the electron micrographs in B – E. The structure after 30 min
can be seen in B, D and after 1 hour in C, E. The color of the resulting anodized films may be
seen in F, (left to right, 10 V, 20 V, 35V and 45V) with the reflectance spectra seen in G.
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Figure 40 The wettability of the W foil and mesh surfaces following anodization after
anodization at distinct voltages

Figure 41 The wettability of the W mesh, before and after anodizing.
Water contact angle measurements on the pristine mesh (A), and after anodization at 45 V for 30
minutes (B). Additional water droplets (2 μL) were added to increase the droplet mass and
observe the changes in the droplet shape. On the anodized mesh, the center of mass of the droplet
is below the mesh, due to gravity.
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5.3.2 Uniform deposition of Salt
After improving the wettability, the salt may then be coated utilizing traditional methods such as
spin coating. The salt coatings were not epitaxial as has been reported on certain crystalline
substrates,[184] as the amorphous tungsten oxide does not provide the necessary interface for such
assembly. However, the availability of nucleation sites for crystallization was sufficient for dense
and relatively uniform coatings at the microscale, as can be seen in Figure 42B.

Figure 42 Salt deposition via drop-casting on pristine W foil (A) and after anodization (B).
An optical micrograph can be seen in C.
5.3.3 The fate of the Alkali Halide Salts during the temperature ramp
Originally, the study was designed to investigate how to produce uniform growth of nanosheets
on the surface of the tungsten. The deposition of KBr onto the surface followed by heating at
temperatures more than 600 °C resulted in nanostructured oxide formation. Typically, samples
were run at approximately 625 °C. Naturally the fate of the KBr crystals as the temperature reaches
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these high temperatures must be raised. Does the KBr directly complex with the tungsten oxide,
and then bromide gas is released? Or does it first form an intermediate compound? It is likely that
the decomposition produce of KBr in air is K2O and HBr. However, the small quantity deposited
on the film and harsh reaction conditions, in-situ analysis was not favorable with our current setup.
It should be noted that in a typical run, after the sample is allowed to cool naturally in the furnace,
the presence of KBr crystals was no longer detected, nor was Br present in the resulting XPS
spectra. If the sample is withdrawn from the furnace exactly as it reaches the setpoint, at this point
the sample morphology had already changed and no Br was detected in resulting XPS spectra.
To observe if there was an intermediate chemical state of the KBr, the sample was pulled out of
the furnace during its ramp, at ~425 °C. At this point, the surface appeared a dark black color with
what appeared to be a gray oxide coating. After cooling, the surface was notably deliquescent, and
an abundant quantity of the liquid was formed on the surface of the foil. Litmus paper was utilized
to give an estimate of the pH of this liquid; it was found to be extremely basic with a pH of >13.
What this suggests is that the intermediate complex of K2O was formed, and that this compound
reacts with ambient water in the atmosphere to form KOH. The deliquescent properties of
potassium compounds are well known.[185] As such, this observation aligns with our hypothesis
that K2O forms during the decomposition of KBr, and that the atmosphere above the sample
becomes rich in HBr vapor.
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5.3.4 Uniform Formation of the Oxides
These regions had two distinct morphologies present: vertically oriented nanowires, nanowires
with random orientation, and large nanosheets which tower above these nanowires on the surface.
However, the role in salt deposition was not clear. First, efforts were made to generate highly
uniform salt from routine methodologies, such as spin-coating or spray-coating. What was found
was that while an increased salt deposition did produce an increase in the quantity of oxide
formation, the morphology was affected by several other factors, including ramp time and
atmospheric composition.
Most significantly, it was found that growth could occur through the vapor phase. By setting two
pieces of tungsten 3 mm apart in a crucible, where one was coated in KBr, it was shown that the
tungsten oxide growth was observed on both pieces of tungsten. This was an important step in the
research and showed why the previous efforts to carefully adjust variables often produced
unpredictable results: there are two competing processes for oxide formation. After changing the
method to include two components, a source and a target, the structures were well-organized, and
growth occurred readily. The source consisted of a tungsten metal foil or mesh, with alkali salt
deposited on the surface. The target was a second tungsten metal foil or mesh with no salt on the
surface, spaced ~1 mm apart.
Next, we consider the growth behavior of the tungsten metal oxide crystalline nanosheets. These
crystals are intrinsically flake-like, and as such nanosheets are often observed in the literature. The
nanosheets discussed here are a distinct subset of these reports. The structures are typically formed
on metal surfaces in the presence of alkali salt and grow to such dimensions to be visible to the
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naked eye. The sheets are observable with the naked eye, and the change in thickness across the
sheet is readily observed with optical microscopy (Figure 43).

Figure 43 Optical microscopy of a single nanosheet at 100X magnification.
The crystal appears thinner nearer to the edge. The change in color is attributed to the thin film
interference. This crystal is likely in the hundreds of nanometers nearer the base and edges of the
fan, and thinner near the tip. Observation with SEM shows the structures can vary in this range.
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Figure 44 Electron micrographs of the nanosheets grown with various alkali ions.
The main instrumentation in examining the growth of structures on the surface was scanning
electron microscopy. In many images, such as those in Figure 44, fan-like microstructure is
present on the surface, with a relatively large aspect ratio (approaching 2,000 in certain regions).
Such structures could be produced on tungsten surfaces of any geometry, including foils and
meshes. Elemental mapping with EDS allows for composition to be determined at the nanoscale.
The distribution of the cations appears uniform throughout the resulting structures Figure 45. The
EDS spectra exhibit clear peaks for Kα emission for K intercalated oxides, and Lα emission for Cs
intercalated oxides, as seen in Figure 46B and Figure 47A, respectively. However, the Lα
emission for the Rb occurs in the W portion of the spectrum, and so is not as distinguishable.
Therefore, the Rb Kα emission is probed by increasing the accelerating voltage of the electron
beam to 20 kV. This excites the emission line at 13.3 keV, which can be observed in Figure 47B.
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Figure 45 Elemental mapping through SEM coupled with EDS.

In all maps shown in Figure 45, the oxidation has occurred through vapor phase (method 2). This
means that the sample is initially a pristine tungsten mesh (EDS spectra shown in Figure 46), that
was placed adjacent to a sample with tungsten on KBr. What was notable was how uniform the
oxide growth occurred when this method was employed (Figure 47).
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Figure 46 EDS Spectra of pristine mesh utilized for vapor transport (A), and the mesh
following the oxidation process to form KxWO3+y (B)

Figure 47 The KxWO3+y nanosheets at several scale
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Figure 48 The EDS spectra of CsxWO3+y and RbxWO3+y decorated mesh.

X-ray photoelectron spectroscopy (XPS) was utilized to identify the oxidation states of tungsten
in the crystals, as well as clarify the Rb signal which can be more challenging to elucidate during
EDX. The survey scans of the various systems are shown in Figure 49. The tungsten in the oxide
crystals was consistently found to be the fully oxidized W(VI), with 4f7/2 and 4f5/2 electrons at 35.5
eV and 37.6 eV, respectively. No such observation of shifted binding energy relative to C 1s signal
was observed, a shift which was previously observed in few layer thick nanosheets (2.1-5.2 nm
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thick) isolated via chemical exfoliation.[186] Further details about the W 4f photoelectron spectra
will be provided in the subsequent discussion on the reducing the oxide.
The high-resolution spectrum of the K 2p electron spectrum was shown in Figure 50, with a
peak binding energy of 293.51 eV. High-resolution scans of the spectra region associated with
Rb 3d and Cs 3d electrons are include, with peak binding energies and elemental composition
summarized in Table 5.
The proportion of potassium in the sample was anomalously high. When compared with the EDS
data, it suggested the signal was too high. Upon closer inspection, this is attributed to an issue
with the baseline when examining the XPS survey spectra. The elemental analysis is performed
on the survey, not using the high-resolution spectra. Since the analysis failed to find an
appropriate baseline, it is assumed that this elemental ratio is not to be trusted. When consulting
the EDS spectra, the potassium content was found to a more reasonable ratio to the tungsten, at
x=0.33.

125

`

Figure 49 The survey scans of the various intercalants.
Where blue is the KxWO3+y, red is the RbxWO3+y, and black is the CsxWO3+y grown by vapor
growth on the mesh.
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Figure 50 The X-ray photoelectron spectra of the KxWO3+y, RbxWO3+y, and CsxWO3+y
crystals grown on tungsten meshes.
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Table 5 Summary of XPS data
Alkali Metal

W

O

Sample

%

Peak
position
(eV)

%

Peak
position,
4f7/2 (eV)

%

Peak
position,
1s (eV)

Formula

Anodized
foil (WO3)

-

-

22.64

35.72

77.36

530.81

WO3.42

WO3 Powder

-

-

23.91

35.61

76.09

530.48

WO3.18

KxWO3+y

10.62

293.51
(2p3/2)

16.42

35.80

72.97

530.72

K0.65WO4.44

RbxWO3+y

5.46

109.88
(3d5/2)

18.61

35.68

75.94

530.61

Rb0.29WO4.08

CsxWO3+y

5.19

724.21
(3d5/2)

21.04

35.70

73.77

530.61

Cs0.25WO3.51

X-ray diffraction (XRD) studies confirmed the lattice structure of the oxide crystals. The crystals
showed the typical of the pseudo-hexagonal structure present in the crystals as per previous reports.
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Figure 51 XRD diffraction patterns of the intercalated nanosheets grown on tungsten foil.

5.3.5 Formation of Mixed Oxides
Once vapor phase was completed, and the mesh was coated in tungsten oxide nanosheets, the
sample could be inserted into the reaction mixture, in the place of the pristine tungsten mesh. In
this way, additional growth or a new cation may be introduced to the mixture of compounds. We
tested this by first growing KxWO3+y on the mesh, and then placing the oxide into the furnace
across from a CsBr coated mesh. It is then a question, what structure would be produced?
As it turns out, the growth produced increased nanosheet density on the surface as is shown in the
micrographs in Figure 52. Analyzing the nanosheets via EDS, the Cs was distributed nearly
uniformly along with the K in the nanosheets, as can be observed in Figure 53. This suggests that
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the ions have some mobility throughout the system, while the tungsten oxide crystal retains its
shape and is not greatly impacted by addition of a second intercalant.
Continued study utilizing aberration-corrected TEM will be required to explore the exact positions
throughout the crystal structure after the mixing the ions.

130

`

Figure 52 SEM micrographs of the structure after sequential intercalation
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Figure 53 EDS Mapping of the nanosheets, following sequential intercalation of Cs into the
KxWO3+y nanosheets
5.3.6 Discussion of Mechanism
A vapor-liquid-solid growth mechanism was proposed by Qi et al. for the oxide growth in the
presence of potassium salts.[187] However, this only explains the oxide formation, not necessarily
the particular nanosheet formation. A mechanism for self-oriented attachment was explained by
Jia et al.,[178] however, this does not necessarily explain the features observed in this system. It
should be noted that the assumption of a liquid state formation is based on early analysis by
Hoermann,[188] circa 1929. That report highlighted a melting point depression for the K2WO4WO3 system, which was directly included in analysis by Qi et al. The melting point depression is
that system reached ~600 °C at a particular proportion of K.
The crystal spreading was apparent, as evidenced by the thinning dimension across the crystal. We
propose that it is tension across the growing crystal which cause the sliding of crystal planes, likely
along the tungsten vacancies in the 4a spaced superstructure. As the crystal growth, supplied with
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new material from the base, the sheets begin to spread as they are forced to grow in two separate
directions. A schematic is shown in Figure 54.

Figure 54 Proposed mechanism of nanosheet formation
5.3.7 Reduction of the Oxides
The reduced tungsten oxides have attractive properties, and their fabrication via similar methods
to produce large nanosheets is desirable. However, the methodology is not conducive to generate
one-step production of nanosheets with mixed oxidation states, as the breakdown of KBr did not
occur without an oxidative environment. This oxidative environment led to fully oxidized tungsten
(where all tungsten was in the W(VI) state). A second step was explored, where through heating
in a reducing atmosphere, the oxide crystals were annealed in flowing 5% H2/Ar. The resulting
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change to the surface states were seen through XPS. The W(VI) was successfully converted to
W(V) and W(IV), in increasing proportion with greater reduction temperatures.

Figure 55 X-ray photoelectron spectra of the tungsten oxide nanosheets after reduction in
H2/Ar atmospheres at several temperatures.
The energies of the W(V) 4f7/2 and 4f5/2 electrons were seen at 36.6 eV and 34.3 eV, with the
W(IV) 4f7/2 and 4f5/2 electrons at 33.2 eV and 35.7 eV by deconvolution. The 5p signal is also
present in this high-resolution region, shifting from 41.5 eV in the fully oxidized state to 39.6 eV
in the W(V) state, and finally 38.6 eV in the W(IV). As a brief note, the peak fitting here was
critical to better understand how to deconvolute the peaks. Therefore, peak fitting will be
discussed.
The analysis of any photoelectron spectroscopy follows several steps, including generating a
baseline, applying a charge shift correction, and peak fitting and deconvolution.[189] The signal
itself has a particular shape which requires fitting. The origin of this peak shape is from both the
physical nature of the sample (such as phonon broadening),[190] emission sources (e.g. nonmonochromatized light),[191] the electron analyzer response functions, or other effects. Peak
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broadening due to processes in the instrumentation and the phonon modes lead to a Gaussian peak
shape. However, the photoemission process produced a naturally Lorentzian profile, due to the
core-hole lifetime. Thus, a mixture of the two is often utilized for peak fitting. In our analysis, a
10% Lorentzian mixture was utilized the W 4f peak shape analysis. The alkali metal required
higher (30 – 50 % Lorentzian convolve mixture) to properly fit these peaks.
Following reduction, the crystal structure remained the hexagonal tungsten bronze structure which
was observed in the pristine oxide nanosheet diffraction patterns. There was a strong emergence
of the 202� 0 peak at 48.1° in the diffraction pattern (Figure 56). The 0002 peak increased in
intensity with a narrowing of the FWHM after reduction (from 0.44° to 0.29°). As the nanosheet

dimensions were not reduced, we assume that the narrowing of the FWHM is not due to any
increase in dimensions of the crystal size, and that instead there is perhaps

Figure 56 XRD of the potassium intercalated tungsten oxide nanosheets reduced at various
temperatures
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Figure 57 Summary of HRTEM and SAED data for the reduction process

The reduction process created surface features that were evident upon examination with HRTEM,
as seem in (Figure 57). The nanoscale features were small enough to be observed in the selected
area electron diffraction (SAED), and therefore are only approximately an order of magnitude
greater than the atomic lattice itself. The question is whether the morphology follows the order of
superstructures typical of tungsten bronzes.[178, 179] The uniformity of the reductive damage to
the surface suggests some directing process, and at first glance may seem related to the
superstructures observed originally by Goodman and McLean in 1976,[192] as well as by Li et al
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in 2017.[179] Both studies described spacing 4a along a axis (Figure 58). The pore size of one
hexagonal pore is 5.36 Å,[193] making the distance between two adjacent K cations ~8.04 Å. The
typical 4a spacing at 3.2 nm has been observed via HRTEM.[179] Performing line scans and 2D
FFT (fast-Fourier transform) of the structure showed that the spacing was 9.03 ± 0.25 nm is the
horizontal, and 16.14 ± 0.35 nm in the vertical dimension. Similarly, FFT of the overall image
shows two major spacings, with 9.17 nm and 15.87 nm which match well with the line scan data.
However, this is much different than the spacing of the superstructure, and therefore the spacing
of the surface breakdown cannot be directly correlated to the superstructure and may proceed by
some other mechanism.

Figure 58 The spacing of W defects, which yields the resulting superstructure as described
in literature.
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5.4. Conclusion
This system has significant potential for generating large scale nanosheet growth on tungsten metal
surfaces. Of importance is two components of this system – the oxide growth is self-supported,
and the structure appears somewhat homogeneous regardless of the intercalating cation. Growth
may be carried out on more complex structures, where the greatest catalyst efficiencies may be
achieved. These nanosheets are Where many studies have interest in stoichiometric replacement
of particular atoms in the structure, such as replacing W atom with those of Mo to observe strain
in the lattice, this methodology is conducive. Furthermore, the large size of the oxides suggests
that device formation is achievable, and the large size is favorable for such studies, where a crystal
may be knocked loose onto a surface (i.e. SiO2 on Si) for fabrications. Therefore, the catalytic and
electronic properties may be couple, which may assist in further elucidations of performance
mechanisms in these materials.
The self-supported nature and availability for post-processing suggests these tungsten oxide
nanosheets may provide a blank canvas for catalytic studies. The crystals themselves may prove
catalytically active, or they may act as effective supports for other materials.
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CHAPTER 6: CONCLUSIONS AND OUTLOOK
Nanoscale materials continue to be incorporated into systems for energy storage, fuel production,
catalysis etc., often achieving record performance metrics. There remain many roadblocks for
realizing nanomaterial-based devices, including finding scalable synthetic pathways, improving
material stability, and establishing facile processing methods. These were addressed throughout
this dissertation, with an emphasis on coupling the nanomaterial growth and assembly through
substrate influence. The substrate itself may or not play a role in the final material properties. For
example, in Chapter 3, superhydrophilic SiNP coatings were prepared through layer-by-layer
deposition of polyelectrolyte-SiNP films, followed by calcination. The porosity of the coating
altered the surface wetting, which assisted in generating uniform nanowire and nanosheet
assemblies on the surface. The coating also influenced the final performance of the material, due
to the increased transmittance granted by the antireflective properties of the coatings. In Chapter
4, we altered the composition of a substrate, in this case an electrospun hydrogel fiber. These fibers
played a role in the assembly of HKUST-1 on the fiber surface, with the polyelectrolyte
composition of the hydrogel acting as a Cu reservoir and stable growth substrate. The ratio of the
two polyelectrolytes which composed the fiber, PAA and PAH, were adjusted to vary the Cu
uptake, which subsequently altered the crystal size and density on the surface. The microporous
crystals were grown on a macroporous scaffold, where rapid activation of these crystals could
occur in inert atmospheres, beneficial to catalytic studies where open metal sites are required.
In Chapter 5, the surface texture of W metal foils and meshes were altered through anodization.
This in turn altered their wetting behavior with salt solutions. Uniform salt coatings could then be
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applied through traditional coating methods. Heating these salt films in open atmosphere generated
macroscopic self-supported tungsten oxide nanosheets.
These studies emphasized methods through which substrates could be engineered to assist in the
assembly of prefabricated nanomaterials or in the growth of nanoscale materials on their surfaces.
These materials may one day function as critical components of energy systems in our fossil fuelfree world. For example, the etching-free deposition of Au onto the AgNW network stabilized the
network, both mechanically and chemically, without significant losses to the transmittance. These
nanowire assemblies with optimal wetting may prove ideal for fully solution-processable
optoelectronic devices. The epitaxial growth of gold on the Ag surface may allow for
bioelectrodes; traditional Ag based nanowires may prove toxic, as they are prone to leaching ions.
The porosity of electrospun fiber network and the nanoscale crystals which decorate their surfaces
may allow some flexibility in designing systems for flume gas capture and conversion and should
prove effective at recycling CO2 emissions into other functional materials. Also, there should be a
mention for the potential of these MOFs to act as support for further design schemes. In such
design, the microstructure is tailored by the fibers, the nanostructure by the crystal growth
methodology, and the chemical makeup determined by post-processing (i.e., trans-metalation,
core-shell MOF growth, chemical functionalization). This control is afforded by the unique growth
method, and the stable attachment of MOFs even through aqueous processing, due to the
complexation of the MOFs and fiber surface.
Lastly, we can discuss the outlook for the self-supported tungsten oxide nanosheets. There are
several routes through which targeted study is promising. For one, the strong attachment of the
oxide crystals onto to a metal surface suggests an facile route for electrochemical studies. Tungsten
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is a cost-effective material and has been reported as an ideal candidate for electrochemical
production of green hydrogen. However, the specific defects associated with inducing a low onset
potential in monoclinic tungsten oxides, may not be present in these intercalated hexagonal
structures upon defect generation via reduction. A closer look at the surface structure with HRTEM
upon reduction, coupled with intensive electrochemical characterization, is required. In this way,
identification of strain in the thin flat nanosheet fan structures may also be identified.
However, there are several additional attractive qualities of this system. For one, the current
collector in this case is tungsten, well-known for its resistive heating, also known as Joule heating.
Joule heating may rapidly react the tungsten oxide in certain atmospheres and environments, which
opens an interesting route for further catalyst development. As such, there is potential for
fabrication of TMD or MXene nanosheets, which would be self-supported, and generated rapidly
over large areas with little waste production and without complex processing requirements. Lastly,
many of these processes may also be attempted with different W/Mo/Re alloys, a well-studied
alloy class with industry relevance. There are meshes, foils and foams available for these metals,
and applying similar techniques to generate these oxide nanosheets may result in unique structures
and surface states, and intrinsic material strain, which are worth investigating.
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